AD-7  76  415 


INVESTIGATION  OF  THE  EFFECT  OF  TORSIONAL 
NATURAL  FREQUENCY  ON  S  T  A  L  L  -  I  N  D  U  C  E  D 
DYNAMIC  LOADING 


F.  J.  Tarzanin,  et  al 


Boeing  Vertol  Company 


Prepared  for: 

Army  Air  Mobility  Re  search  and  Development 
Labora  tory 


February  1974 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


Unclassified _ 

Security  CUuificition 


DOCUMENT  CONTROL  DATA  -RAD 

fSfcuflff  ol  t III*,  body  ot  abatract  and  Indaaina  annotation  muat  6«  antarad  tha  o rural I  w»<rt  la  c  laaaltladt 


i  originating  activity  (Corporala  author)  la*.  rirort  iicuRiTv  cl  absific  a  tion 

Boeing  Vertol  Company  |  Unclassified 

(A  Division  of  the  Boeing  Company) 

Philadelphia,  Pennsylvania 


1  REPORT  TITLE 

INVESTIGATION  OF  TUF.  FFFFX'T  OF  TORSIONAL  NATURAL  FRFQUFNCY  ON  STALL- 
INDUCFD  DYNAMIC  LOADING 


4  diicriRtivi  noth  (Typa  ot  rapoet  and  incluaiaa  dataa) 

Final  Technical  Report 


•  AU  ThORiIi  (rltat  nama,  mlddta  Initial,  laat  nam*a) 

Frank  J.  Tarzanin 
Joseph  Ranieri 


•  REROR T  O A  TC 

February  1974 


04.  CONTRACT  OR  GRANT  NO 

DAAJ02-7  2-00093 

b.  RROJEC  T  NO 

1FI62208AA82 


la.  TOTAL  NO  or  RAGE*  7*.  N r  O  W  RIFS 

161  I  1 


am.  originator**  report  nuiACRUI 

USAAMRDL  Technical  Report  73-94 


|*b.  OTHER  REROR T  NO<»  (Any  ad  at  mambara  dtat  atay  ba  aaa 
thla  rapart) 


D2IO-I0678-I 


10.  OIETRIWUTION  ITATSMENT 

Approved  for  public  release;  distribution  unlimited. 

"TrrrsTTT - 

12  IPONIORINO  MILITARY  ACTIVITY 

Hustis  Directorate 

U.S.  Army  Air  Mobility  R&D  Laboratory 

Fort  Fustis,  Virginia 

For  flight  conditions  at  high  blade  loadings  or  airspeeds,  the  rotor  control  system  experiences  a 
rapid  load  growth  resulti%  from  stall-induced  blade  torsional  moments.  These  loads  frequently  grow 
so  large  that  the  aircraft  flight  envelope  is  restricted.  This  report  describes  an  analytical  study  that 
determined  the  effect  of  changing  blade  torsional  properties  on  control  loads  lor  a  wide  range  of 
flight  conditions.  The  results  showed  that  reducing  the  blade  torsional  stiffness  could  significantly 
reduce  the  large  stall  loads.  However,  too  large  a  stiffness  reduction  results  in  a  large  nosedown 
advancing  blade  load,  which  eventually  leads  to  a  blade  torsional  divergence. 


4  M  oo  »o«m  mi, 

/v  omolit.  ro.  u.« 


OO  POEM  1 47 • .  I  JAM  44.  WHICH  IE 


Unclassified _ 

Swcurity  Classification 


Unclassified 

facurity  Cl«»» 


Control  Loads 
Control  Stiffness 
Dynamic  Stall 
Live  Twist 
Pitch  Inertia 
Pitch  Link  Load 
Stall 

Torsional  Frequency 
Torsional  Load 
Torsional  Stiffness 


DEPARTMENT  OF  THE  ARMY 

U  S  ARMV  AIR  MOBIL  TV  RESEARCH  A  DEVELOPMENT  LABORA^ORT 
EUSTIS  DIRECTORATE 
FORT  EUSTIS.  VIRGINIA  23604 


This  report  has  been  reviewed  by  the  Eustis  Directorate, 

U.S.  Army  Air  Mobility  Research  and  Development  Laboratory 
and  is  considered  to  be  technically  sound.  The  purpose  of 
this  program  was  to  analytically  investigate  the  effect  of 
blade  first  torsional  natural  frequency  on  sta 1 1  -  induced 
dynamic  loading.  The  report  is  published  for  the  exchange 
of  information  and  appropriate  application.  The  technical 
monitor  for  this  contract  was  Paul  H.  Mirick,  Aeromechanics, 
Technology  Applications  Division. 


» 1 


AdnanMUiMtf&aai 


^4ii/;>. . 


Project  1F162208AA82 
Contract  DAAJ02-72-C-0G93 
USAAVLABS  Technical  Report  73-94 
February  1974 


INVESTIGATION  OF  THE  EFFECT  OF  TORSIONAL 
NATURAL  FREQUENCY  ON  STALL-INDUCED  DYNAMIC  LOADING 


SUMMARY 

This  report  documents  the  results  of  a  study  to  find  the 
effect  of  rotor  blade  torsional  natural  frequency  on  stall- 
induced  torsional  loads.  The  primary  objective  was  to  analyti¬ 
cally  determine  the  effects  of  blade  torsional  natural  fre¬ 
quency  on  control  loads  for  a  wide  range  of  airspeeds  and 
rotor  loadings.  Secondary  objectives  were:  (1)  to  expand  the 
correlative  base  of  the  unsteady  aerodynamic  theory  through 
comparison  with  stalled  model  rotor  data  and  (2)  to  determine 
the  parameters  that  influence  large  stall-induced  control 
loads . 

For  the  rotor  studied,  the  analysis  showed  that  stall-induced 
control  loads  can  be  reduced  by  lowering  the  rotor  blade  tor¬ 
sional  stiffness  so  that  the  first  torsional  natural  frequency 
is  about  4/rev.  Larger  reductions  in  torsional  frequency  (to 
about  3/rev)  reduce  control  loads  for  moderate  advance  ratios 
(u  =  0.3),  but  result  in  a  large  load  increase  and  poor  rotor 
stability  at  high  advance  ratios  (p  =  0.4).  Higher  frequency 
blades  (about  7/rev)  generate  large  stall  loads  at  moderate 
advance  ratios  (p  =  0.3  to  0.35),  but  may  provide  lower  loads 
at  high  advance  ratios  (p  =  0.4  and  beyond).  The  figure  below 
summarizes  these  results  as  control  load  flight  envelopes  for 
four  blades  with  different  torsional  natural  frequencies. 

Flight  conditions  (Ct/o  and  p)  that  fall  above  the  boundary 
line  have  pitch-link  loads  in  excess  of  2500  pounds  (which  is 
approximately  the  endurance  limit  for  the  pitch  links  of  a 
CH-47C  size  aircraft) ;  flight  conditions  below  the  boundary 
line  have  pitch-link  loads  below  2500  pounds.  The  figure 
shows  that  the  overall  best  blade,  as  far  as  control  loads 
are  concerned,  has  a  torsional  natural  frequency  of  4/rev. 
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FOREWORD 


This  report  presents  the  results  of  an  analytical  study  con¬ 
ducted  under  Contract  DAAJ02-72-C-0093,  INVESTIGATION  OF  THE 
EFFECTS  OF  TORSIONAL  NATURAL  FREQUENCY  ON  STALL- INDUCED 
DYNAMIC  LOADING.  The  work  was  performed  by  the  Boeing  Vertol 
Company,  funded  by  the  Eustis  Directorate,  U.S.  Army  Air 
Mobility  Research  and  Development  Laboratory  (USAAMRDL)  ,  and 
covered  the  period  July  1972  through  July  1973.  Frank  J. 
Tarzanin  Jr.  was  the  Vertol  Project  Engineer;  Paul  H.  Mirick 
and  William  E.  Nettles  monitored  the  contract  for  the  Eustis 
Directorate. 

The  authors  gratefully  acknowledge  the  assistance  of  C.  Hutch¬ 
inson  for  his  dedicated  effort  and  needed  assistance. 
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INTRODUCTION 


A  prime  limitation  to  the  operational  boundaries  of  helicop¬ 
ters  has  been  the  large  stall-induced  control  loads  that  occur 
during  maneuvers  or  level  flight  at  high  airspeeds,,  gross 
weight  or  altitude.  A  systematic  studyl  with  analysis  and 
model  tests  showed  that  proper  selection  of  the  rotor  blade 
torsional  natural  frequency*  can  reduce  the  large  stail- 
induced  control  loads,  making  flight  envelope  growth  pocsible. 


Helicopter  structural  envelopes  are  established  from  component 
life  calculations.  For  any  practical  design,  the  level-flight 
steady-state  component  loads  should  be  below  the  endurance 
limit  (infinite  life  load)  so  that  sufficient  component  life 
will  be  available  to  absorb  the  larger  maneuver  loads.  A 
major  design  objective  is  to  produce  an  aircraft  with  a  flight 
envelope  limited  by  aircraft  power  and  not  by  sLructural 
limits.  Frequently,  however,  the  operational  flight  envelope 
is  limited  by  a  rapid  growth  of  stall-induced  control  loads 
that  e> ceed  the  endurance  limit.  Therefore,  the  flight  enve¬ 
lope  is  limited  by  control  loads,  and  the  available  power 
cannot  be  fully  utilized. 

The  rapid  control  load  growch  is  attributed  to  "stall  flutter," 
which  is  a  consequence  of  high  angles  of  attack  and  the  re¬ 
sulting  retreating  blade  stall.  Visual  confirmation  of  the 
large  stall  loads  can  be  found  in  pitch  link  or  blade  tor¬ 
sional  load  waveforms  cn  which  characteristic  stall  spikes 
appear  in  the  fourth  quadrant  of  the  blade  azimuth.  These 
high  loads  result  from  an  aeroelastic  self-excited  pitch 
motion  in  conjunction  with  repeated  submersion  of  a  large 
portion  of  the  rotor  blade  into  and  out  of  stall. 

Analytical  investigations,  tests  of  oscillating  airfoils,  re¬ 
views  of  existing  flight  test  data  and  extensive  wind  tunnel 
testing  of  model  rotors  have  led  to  the  development  of  semi- 
empirical  aeroelastic  theory^  that  predicts  control  magnitudes 
and  waveforms  for  all  flight  conditions,  including  the  stall 
flutter  regime. 


This  theory  includes  compressible,  unsteady  aerodynamics  with 
linear  shed  wake,  three-dimensional  flow  and  stall  hysteresis 
for  lift,  drag  and  pitching  moment.  The  basis  for  this 
approach  is  Theodorsen's  unsteady  linear  aerodynamic  airplane 


*The  term  "torsional  natural  frequency"  as  used  in  the  report 
refers  to  the  classical  definition  of  an  uncoupled  torsional 
natural  frequency  as  obtained  in  a  vacuum.  There  is  no  tor¬ 
sional  airspring  in  the  calculation. 
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theory  for  small  angles  of  attack  .  By  using  airfoil  section 
test  results  to  include  compressibility,  stall,  dynamic  stall 
hysteresis  and  three-dimensional  flow  in  the  cited  theory,  an 
approach  suitable  for  the  analysis  of  helicopter  rotors  was 
developed.  This  aerodynamic  theory  was  then  incorporated  in 
an  aeroelastic  rotor  analysis  (Boeing  program  C-60)  that  can 
now  be  used  to  predict  the  high  pitch-link  loads  associated 
with  blade  stall. 

Analytical  studies,  using  this  theory  (program  C-60)  and 
another  theory  developed  by  Sikorsky  Aircraft2'4,  indicate 
that  reducing  the  blade  torsional  frequency  from  the  7-8/rev 
region  to  the  4-5/rev  region,  through  reduced  control  system 
stiffness,  significantly  reduces  the  stall-induced  control 
loads.  Recently,  a  more  extensive  analytical  study  was  per¬ 
formed!  to  evaluate  the  effects  of  torsional  stiffness,  con¬ 
trol  system  stiffness  and  pitch  inertia  on  the  stall-inducea 
loads  of  a  highly  loaded  (C-p/a  =  0.114)  full-scale  rotor  at 
an  advance  ratio  of  0.29. 

The  analytical  results  showed  that  large  reductions  in  stall- 
induced  loads  can  be  achieved  by  changing  the  blade  torsional 
natural  frequency.  Since  the  torsional  natural  frequency  var¬ 
iation  was  obtained  by  varying  blade  torsional  stiffness  (GJ) , 
control  system  stiffness  and  blade  pitch  inertia,  independ¬ 
ently,  the  results  indicate  that  pitch-link  loads  are  a  direct 
function  of  torsional  natural  frequency. 

These  encouraging  theoretical  results  led  to  a  6-foot-diameter 
model  test  to  initially  verify  the  control  load-torsional  fre¬ 
quency  trend.  Three  sets  of  blades  were  tested;  each  set  had 
a  different  torsional  stiffness  with  torsional  natural  fre¬ 
quencies  of  3/rev,  4.25/rev  and  5.65/rev  at  full-scale  tip 
speeds.  The  test  results  showed  that  the  model  stall  flutter 
torsion  spike  was  reduced  by  73  percent  when  the  torsional 
natural  frequency  was  reduced  from  5.65/rev  to  3/rev,  giving  a 
first  verification  of  the  analytical  trend. 

This  report  documents  further  investigation  into  the  influence 
of  torsional  frequency  on  stall-induced  control  loads.  The 
investigation  has  been  divided  into  four  main  tasks: 

Comparison  of  the  aeroelastic  rotor  analysis  program 
results  (see  Appendix  I)  with  the  6-foot-diameter  model 
stall  test  data  for  blades  with  different  torsional 
natural  frequencies. 

Expansion  of  the  previous  study^-  (which  was  performed  at 
one  flight  condition)  to  evaluate  the  effects  of  torsional 
natural  frequency  on  stall-induced  loads  for  a  wide  range 
of  airspeeds  (0  to  175  knots)  and  rotor  loads  (Op /°  ~ 
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0.05  *o  0.12)  for  blades  with  different  torsional  stiff¬ 
nesses  . 

Investigation  of  the  effects  of  propulsive  force,  cyclic 
pitch  and  blade  twist  on  the  stall-induced  loads. 

Performance  of  a  limited  correlation  with  the  model  rotor 
data  using  a  fully  coupled  flap-lag-pitch  rotor  analysis 
(Boeing  program  C-70) . 
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DISCUSSION 

CORRELATION  WITH  MODEL  DATA 

The  initial  effort  under  this  contract  was  to  determine  the 
aeroelastic  rotor  analysis  capability  for  predicting  model 
rotor  stall-induced  blade  torsion  loads.  The  aeroelastic  rotor 
analysis  (designated  by  the  Boeing  Vertol  Company  as  program 
C-60)  is  fully  described  in  Appendix  I.  The  analysis  has  been 
successfully  correlated  with  full-scale  CH-47C  flight  data2 
for  both  stalled  and  unstalled  flight  conditions. 

Model  test  data^  was  recently  obtained  for  blades  with  torsion¬ 
al  natural  frequencies  of  3.1/rev,  4.25/rev,  and  5.65/rev  over 
a  wide  range  of  rotor  loadings  at  an  advance  ratio  of  0.3.  A 
complete  discussion  of  the  test  and  determination  of  the  model 
blade  physical  properties  are  given  in  Appendix  II. 

Comparing  the  C-60  program  results  with  the  model  data  is  an 
essential  step  in  establishing  the  ability  to  properly  account 
for : 

The  large  stall-induced  control  loads 

The  effect  of  varying  blade  physical  properties  (primarily 
torsional  natural  frequency) 

The  effect  of  varying  rotor  thrust 

Rotor  propulsive  force. 

It  is  this  comparison  that  will  determine  the  validity  of  un? 
torsional  frequency,  rotor  loading,  and  airspeed  study  that 
comprise  the  bulk  of  this  report. 

Three  test  runs  were  selected  for  correlation  I ror  the  model 
test  data,  one  run  for  each  blade  torsional  frequency.  A  min¬ 
imum  of  five  test  points  (at  least  two  points  in  deep  stall) 
for  each  test  run  were  analyzed,  using  the  aeroelastic  rotor 
analysis  (program  C-60),  and  a  theory/test  comparison  was  made. 
The  comparison  was  evaluated  and  judged  inadequate,  and  the 
aeroelastic  rotor  analysis  program  was  modified.  The  theory/ 
test  comparison  was  repeated  for  the  modified  analysis  to 
verify  improved  results.  The  torsional  frequency  theoretical 
investigation,  reported  under  the  section  entitled  ANALYTICAL 
INVESTIGATION  OF  STALL-INDUCED  DYNAMIC  LOADING,  utilized  the 
resulting  improved  analysis. 

Basic  Analysis 

Comparisons  of  the  blade  torsional  amplitudes,  obtained  from 
the  model  test,  with  results  of  the  basic  rotor  analysis 
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(program  C-60)  are  presented  in  Figures  1,  2  and  3.  These 
figures  show  the  load  variation  with  rotor  CT/a  for  the  low- 
frequency  (3.1/rev),  standard  reference  (4.25/rev)  and 
morganite  blades  (5.65/rev),  respectively.  The  analysis  pre¬ 
dicts  the  sub-stall  low- load  growth,  the  large-load  growth 
associated  with  stall  and  the  inception  of  the  large  stall 
loads  near  the  proper  C^/a .  However,  the  analysis  generally 
overpredicts  the  magnitude  of  these  loads. 

The  overprediction  is  least  for  the  low-stiffness  blade  and 
greatest  for  the  morganite  blade.  In  addition,  the  analysis 
shows  a  drop  in  blade  torsion  amplitude  at  high  C T/o  (near 
0.12)  which  is  not  evident  in  the  test  data.  This  inability 
to  predict  the  torsional  load  trend  at  the  high  rotor  loading 
condition  represents  a  serious  deficiency,  since  the  major  ob¬ 
jective  of  this  study  is  to  determine  the  variation  of  torsion¬ 
al  load  with  blade  natural  frequency  for  rotor  flight  condi¬ 
tions  experiencing  significant  stall  (i.e.,  high  C-p/a  condi¬ 
tions)  . 

Modified  Analysis 

In  order  to  improve  the  theory/test  correlation  presented  in 
the  previous  section,  a  number  of  analytical  modifications 
were  made  to  the  C-60  program.  These  included  three  modifica¬ 
tions  which  generally  improved  the  analytical  load  predictions: 

1)  Incorporated  steady  and  vibratory  inplane  loads  in 
the  blade  torsion  calculation,  replacing  the  steady 
only  inplane  loads  used  previously. 

2)  Modified  the  lift  stall  delay  for  a  Mach  number  of 
0.6  to  agree  with  an  earlier  value  (used  in  Reference 
2),  replacing  the  value  recommended  in  Reference  6. 

3)  Included  an  aerodynamic  center  of  pressure  shift 
to  account  for  dynamic  overshoot  of  the  static  C^. 

There  were  three  other  modifications  that  yielded  significantly 
poorer  correlation  and  were  abandoned: 

1)  Reduced  the  lift  curve  slope  to  account  for  the 
theoretically  lower  model  Reynolds  number  (full- 
scale  Cl,  Cq  and  CM  provided  significantly  better 
correlation) . 

2)  Forced  the  analysis  to  match  the  measured  model  1/rev 
flap  angle. 

3)  Transferred  the  blade  shear  center  from  25  percent 
to  30  percent,  as  indicated  by  questionable  static 
test  results  (see  Appendix  II) . 
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Blade  Alternating  Torsional  Moment 


Blade  Alternating  Torsional  Moment  -  in. -lb 


0.04  0.06  0.08  0.10  0.12  0.14 


CT/o  —Blade  Loading 

Figure  2.  Comparison  of  Measured  and  Calculated  Blade  Torsional 
Moment  for  the  Standard  Reference  Blade  (Basic 
Analysis).  Torsional  Natural  Frequency  =  4.25/Rev. 
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Blade  Alternating  Torsional  Moment  -  in. -lb 


Fiaure  3.  Comparison  of  Measured  and  Calculated  Blade  Torsional 
Moment  for  the  Morganite  Blade  (Basic  Analysis) . 
Torsional  Natural  Frequency  =  5.65/Rev. 


The  analysis  was  rerun  using  each  of  these  modifications  and 
some  combinations  of  these  modifications  for  the  standard  ref¬ 
erence  blade.  The  most  promising  improvement  was  then  used  to 
analyze  the  other  blades.  The  program  improvements  are 
summarized  below: 

-Effects  of  Analyses  Improvements 

•  Vibratory  Inplane  Loads  -  The  C-60  program  utilizes  an 
iterative  technique  between  blade  airloads  and  a 
coupled  flap-pitch  response  to  calculate  blade  torsion 
loads  (see  Appendix  I  for  details) .  Inplane  loads  are 
calculated  only  once  at  the  conclusion  of  airload- 
coupled  flap-pitch  response  iterations,  and  only  the 
steady  inplane  loads  are  considered  in  the  blade  tor¬ 
sion  calculation.  In  order  to  improve  the  correlation, 
the  analysis  was  modified  to  include  the  vibratory 
inplane  loads  in  the  blade  torsion  calculation  for  the 
last  iteration  only.  With  this  modification,  the 
analysis  improves  the  below-stall  theory/test  correla¬ 
tion  by  reducing  the  predicted  loads  to  very  near  the 
test  results.  Above  stall,  the  analysis  shows  no 
significant  change. 

•  Modified  Li  it/Stall  Delay  -  The  unsteady  aerodynamic 
theory  of  the  C-60  program  requires  a  parameter,  called 
the  lift  gamma  function  (yl> •  which  is  used  to  deter¬ 
mine  the  airfoil  dynamic  stall  delay.  While  investi¬ 
gating  the  source  of  the  poor  deep-stall  correlation, 

a  discrepancy  was  discovered  between  the  original 
value  for  the  lift  gamma  function  at  a  Mach  number  of 
0.6  and  the  value  recently  published  in  Reference  6. 

The  original  values  were  used  in  the  earlier  correla¬ 
tion  work  (References  1  and  2) .  The  published  trend 
represented  the  most  recent  work  and,  therefore,  was 
used  in  the  above  theory/ test  comparison. 

Figure  4  illustrates  the  lift  gamma  function  variation 
with  Mach  number  for  both  the  original  and  the  published 
trends.  The  square  symbol  points  were  obtained  from 
two-dimensional  oscillating  airfoil  test  data.  The 
major  difference  between  the  two  gamma  function  trends 
is  that  the  original  value  at  a  Mach  number  of  0.6  is 
zero  while  the  published  value  is  0.45.  Close  exam¬ 
ination  of  this  discrepancy  revealed  that  the  recently 
published  gamma  function  (yL)  was  based  upon  a  semi- 
empirical  formulation  which  was  developed  to  define  yL 
as  a  function  of  Mach  number  for  a  wide  range  of  air¬ 
foil  sections.  The  original  yr  was  based  upon  the 
actual  two-dimensional  test  data.  Both  sets  of 
essentially  agree  at  low  Mach  numbers  where  leading  - 
edge  stall  is  present,  and  the  stall  occurrence  is 
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Figure  4.  Comparison  of  yL  Used  in  C-60. 
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clearly  defined.  At  a  Mach  number  of  0.6,  trailing 
edge  stall  is  present,  and  a  gradual  transition  from 
unstalled  to  stalled  flow  results.  Through  observation 
of  the  static  and  dynamic  data,  it  is  easily  observed 
that  the  stall  delay  at  a  Mach  number  of  0.6  is  only  a 
small  fraction  of  stall  delay  at  a  Mach  , lumber  of  0.4 
(see  Figure  5) .  In  fact,  a  value  of  zero  stall  delay  is 
a  rational  approximation.  The  published  value  of  yl  at 
0.6  Mach  number  represents  almost  half  that  at  0.4  Mach 
number.  This  discrepancy  arose  from  the  generality  of 
the  published  formulation  which  could  not  properly 
account  for  the  airflow  changes  with  Mach  number. 

Using  the  original  value  of  Yl  (i.e.,  zero  for  Mach 
number  equals  0.6)  eliminated  the  load  drop-off  at 
CT/o  =  0.12  and  resulted  in  a  stall  torsional  load 
trend  in  better  agreement  with  the  model  test  load 
growth . 

•  Dynamic  Overshoot  -  The  combined  program  modifica¬ 
tions  of  dynamic  CM  overshoot,  together  with  the  inclu¬ 
sion  of  the  vibratory  inplane  loads,  shows  promise  for 
improving  the  theory/test  comparison,  as  shown  in  Appen¬ 
dix  III.  However,  since  the  dynamic  CM  overshoot  rep¬ 
resents  a  major  change  in  the  theory  and  since  adequate 
theory/test  comparisons  have  been  obtained  without  this 
capability,  it  will  not  be  included  in  the  modified 
analysis  to  be  used  for  the  rest  of  this  report.  When 
more  diverse  correlation  substantiates  the  improved 
theory/test  comparison,  this  capability  will  be  added 
permanently  to  the  C-60  rotor  analysis  program. 

-Correlati jn  Results 

The  inclusion  of  vibratory  inplane  loads  in  the  blade  torsion 
calculations  significantly  improves  the  correlation.  When,  in 
addition,  the  lift  stall  delay  (gamma  function)  was  modified 
for  a  Mach  number  of  0.6,  the  best  overall  correlation  was  ob¬ 
tained.  These  combined  improvements  were  included  in  calcula¬ 
tions  of  the  torsional  loads  for  the  low  stiffness  blade, 
the  standard  reference  blade  and  morganite  blades  so  that 
an  overall  theory/test  comparison  using  the  improved  analysis 
was  obtained. 

•  Blade  Torsion  Amplitude 

Variation  With  Blade  Loading  -  The  variation  of  test 
and  analytical  blade  torsional  amplitude  with  blade  load¬ 
ing  (CT/a)  is  shown  in  Figures  6,  7,  and  8  for  the  low 
stiffness,  standard  reference,  and  morganite  blades, 
respectively.  In  general,  the  analysis  correctly  pre¬ 
dicts  the  trend  of  blade  torsional  load  amplitude  with 
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Figure  5 


Typical  Dynamic  Stall  for  Mach  Numbers  of  0.4 
and  0.6. 
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C T/o  -  Blade  Loading 

Figure  6.  Comparison  of  Measured  and  Calculated  Blade 
Torsional  Moment  for  the  Low  GJ  Blade 
(Improved  Analysis)  . 
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Blade  Alternating  Torsional  Moment  -  in. -lb 
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Figure  7.  Comparison  of  Measured  and  Calculated  Blade 
Torsional  Moment  for  the  Standard  Reference 
Blade  (Improved  Analysis) . 
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Figure  8. 
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Cm/o  for  both  stalled  and  unstalled  flight  conditions. 

The  predicted  stall  inception  agrees  well  with  test  for 
the  low-stif fness  blade.  For  the  standard  reference 
blade  and  the  morganite  blade,  stall  inception  is  pre¬ 
dicted  about  0.01  CT/o  too  early  (see  Figures  7  and  8). 
The  analysis  predicts  approximately  the  correct  tor¬ 
sional  load  growth  rate  in  stall;  but,  because  the  stall 
inception  is  predicted  early,  the  stall  loads  are  over¬ 
predicted  for  the  two  stiffer  blades.  The  torsional 
load  overprediction  is  largest  for  the  morganite  blade 
and  smallest  for  the  low-stiffness  blade. 

Both  theory  and  test  for  the  standard  reference  blade 
and  the  morganite  blade  show  a  continually  increasing 
load  trend  with  increasing  blade  loading  (CT/o).  For 
the  low-stiffness  blade,  both  theory  and  test  results 
show  a  load  reduction  at  a  CT/o  of  0.1179.  Similar  load 
reversal  has  been  observed  at  other  rotor  test  conditions 
in  this  test  and  in  other  model  rotor  tests. 

Despite  the  inability  of  the  analysis  to  numerically  pre¬ 
dict  the  torsional  loads,  it  has  been  demonstrated  that 
the  analysis  agrees  fairly  well  qualitatively  with  the 
test  results.  Therefore,  the  analysis  may  be  used  with 
reasonable  confidence  as  a  tool  for  investigating  the 
effects  of  blade  torsional  properties  on  stall-induced 
dynamic  loads. 

To  further  qualify  the  program's  ability,  the  following 
theory/test  comparisons  will  be  made: 

Torsional  load  trend  with  frequency 

Torsional  load  waveform 

Propulsive  force  variation  with  C^/o 

Required  collective  pitch 

Variation  With  Torsional  Natural  Frequency  -  Figures 
9  and  10  illustrate  the  variation  of  blade  torsional 
amplitude  with  natural  frequency  at  various  C_,/o  for 
both  test  and  analysis.  (These  figures  were  drawn  by 
fairing  Figures  6,  7  and  8  against  blade  CT/o  and 
then  cross  plotting  versus  torsional  natural  frequency 
at  constant  C T/o . ) 

In  general,  both  test  and  analysis  exhibit  the  same 
trend  with  natural  frequency.  At  a  C^/ o  of  0.09,  the 
analytical  results  show  a  flat  trend  with  natural  fre¬ 
quency  and  agree  well  with  the  measured  data.  At  a 
C T/o  of  0.11,  however,  the  analysis  predicts  a 
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Figure  9.  Variation  of  Torsional  Load  With  First  Torsional 
Natural  Frequency. 
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Figure  10.  Variation  of  Torsional  Load  With  First  Torsional 
Natural  Frequency. 


significant  torsional  load  growth  with  natural  frequen¬ 
cy  which  is  not  observed  in  the  test  data.  This  is  due 
to  the  analysis'  premature  prediction  of  stall  inception 
for  the  standard  reference  and  morganite  blades.  At 
the  high  C^/o ,  the  analytical  trend  compares  favorably 
with  the  measured  data. 

•  Torsional  Waveform  -  Generally,  correlation  between 
test  and  analytical  waveform  predictions  of  blade  tor¬ 
sion  was  fair  despite  the  analysis'  tendency  to  over¬ 
predict  the  amplitude.  For  both  test  and  analysis, 

the  amplitude  of  the  waveform  at  low  CT/o  (below  CT/o  = 
0.095)  was  controlled  by  the  1/rev  component;  whereas, 
at  the  high  CT/o,  the  amplitude  was  controlled  by  the 
torsion  spike. 

The  upper  half  of  Figures  11,  12,  and  13  illustrate 
typical  correlation  for  an  unstalled  condition  for  each 
of  the  blades.  The  waveforms  are  predominately  1/rev 
and  exhibit  good  theory/test  agreement.  However,  the 
theory  appears  to  lead  the  test  waveform  by  about  30 
degrees  for  both  the  low-stiffness  and  standard  refer¬ 
ence  blades. 

Typical  waveform  correlations  for  stalled  conditions 
are  illustrated  in  the  lower  half  of  Figures  11,  12, 
and  13.  The  analysis  consistently  predicts  the  test 
stall  spike  azimuth  positions  but  overpredicts  the 
spike  amplitude.  Further,  the  analysis  overpredicts 
the  higher  harmonic  components  throughout  the  waveform. 
The  best  waveform  correlation  is  obtained  for  the  high¬ 
stiffness  morganite  blade  and  the  worst  correlation 
for  the  low-stiffness  blade. 

However,  even  though  the  theoretical  model  waveforms 
are  deficient,  the  theory  does  predict  the  load  trend 
correctly  with  CT/o  and  blade  torsional  frequency. 

•  Propulsive  Force  -  Test  and  analytical  propulsive  force 
predictions  are  compared  in  Figure  14  for  the  low-stiff¬ 
ness,  standard  reference,  and  morganite  blades,  respec¬ 
tively.  In  all  cases,  the  analysis  overpredicts  the 
test  results  but  does  obtain  the  same  trend  with 

blade  loading  (CT/o)  as  the  test  data.  The  upper 
half  of  Figure  15  compares  the  measured  propulsive 
force  for  each  model  blade  and  shows  that  low-stiff¬ 
ness  and  morganite  blades  produced  nearly  identical 
propulsive  force,  while  the  standard  reference  blade 
produced  a  slightly  higher  propulsive  force.  A  simi¬ 
lar  comparison  is  made  in  the  lower  half  of  Figure  15 
for  the  analytical  propulsive  force  predictions.  The 
relative  positions  of  the  calculated  results  remain 
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Figure  13.  Theory/Test  Torsional  Waveform  Comparison 
for  the  Morganite  Blade. 
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Figure  14.  Theory /Test  Propulsive  Force  Comparison. 


the  same,  indicating  that  the  relative  values  are 
valid  and  that  the  propulsive  force  error  is  approxi¬ 
mately  the  same  for  each  of  the  blade  sets. 

The  inability  of  the  analysis  to  properly  predict  the 
rotor  propulsive  force  can  be  traced  to  the  inability 
to  predict  blade  flapping.  Figure  16  compares  theory 
and  test  cyclic  flapping  angle  versus  rotor  blade  load¬ 
ing.  The  figure  shows  that  the  analysis  does  not  pre¬ 
dict  the  large  tip-path-plane  blow-back  experienced  by 
the  model.  This  explains  the  overprediction  of  pro¬ 
pulsive  force,  since  the  theoretical  tip-path  plane  is 
tilted  further  forward  than  the  model,  givirg  a  larger 
propulsive  force. 

•  Collective  Angle  and  Thrust  -  The  relationship  between 
rotor  thrust  and  collective  angle  is  illustrated  in 
Figure  17  for  each  model  blade  for  both  test  and  analy¬ 
sis.  Since  the  wind  tunnel  test  procedure  was  to  hold 
the  collective  constant  and  to  vary  the  shaft  incidence 
angle,  the  measured  data  is  cons  tail  t  and  appears  as  a 
vertical  line.  The  analytical  results,  in  general, 
agree  very  well  with  the  measured  data  but  tend  to 
underpredict  the  collective  angle  at  the  higher 
thrusts . 

A  possible  explanation  for  this  trend  may  be  proposed 
by  reviewing  the  model  test  procedure.  The  rotor  is 
set  at  a  constant  collective  pitch  angle,  the  rotor 
shaft  is  pointed  approximately  20  degrees  into  the 
wind,  and  the  shaft  is  tilted  toward  the  vertical  in 
discrete  increments.  Changing  the  shaft  tilt  toward 
the  vertical  decreases  the  inflow,  which  results  in 
increased  rotor  thrust.  The  upper  portion  of  Figure  18 
shows  the  flow  field  through  a  rotor  operating  in  free 
space  and  set  at  a  20-degree  shaft  tilt.  The  free- 
stream  velocity  field  is  altered  in  the  vicinity  of  the 
rotor  due  to  the  rotor  induced  inflow.  From  momentum 
considerations,  the  larger  the  rotor  thrust,  the  larger 
the.*  induced  mass  flow  rate  through  the  rotor  disc. 

The  lower  portion  of  Figure  18  illustrates  the  flow 
field  around  the  same  rotor  operating  in  a  wind  tunnel. 
In  order  to  produce  the  same  thrust,  the  same  induced 
mass  flow  rate  through  the  rotor  disc  is  required.  The 
presence  of  the  tunnel  roof,  however,  re  tricts  the 
area  available  for  the  airstream.  As  a  result,  the  in¬ 
flow  velocity  must  increase.  The  increased  inflow 
velocity  increases  the  negative  induced  angle  of 
attack,  which  reduces  the  effective  rotor  angle  of 
attack,  reducing  the  rotor  thrust.  The  analysis  does 
not  take  this  phenomenon  into  account;  it  simply 
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predicts  a  smaller  collective  angle  to  obtain  the  given 
reduced  model  rotor  thrust.  At  higher  rotor  thrusts 
and  near  vertical  shaft  incidence  angles,  this  effect 
becomes  more  pronounced,  causing  the  analytical  thrust 
versus  collective  line  to  bend  toward  smaller  collec¬ 
tive  angles  at  the  higher  thrust  conditions. 

•  Discussion  of  Analytical  Deficiencies  -  Although  the 
unsteady  aeroelastlc  analysis  correctly  predicts  the 
torsional  load  trend  with  variations  of  C-y/o  and  tor¬ 
sional  natural  frequency,  a  number  of  deficiencies 
have  been  observed  in  the  theory/test  comparison. 

These  def iciencics  include: 

Early  stall  inception  and  the  resulting  overpredic¬ 
tion  of  the  stall-induced  control  loads 

Larqe  higher  harmonic  components  in  the  torsional 
load  waveform 

Poor  1/rev  flap  angle  prediction 


Full-scale  correlation  with  flight  data  has  been  shown 
(Reference  2)  to  be  significantly  better  than  the  model 
correlation  indicated  here.  The  model  full-scale  dis¬ 
crepancy  is  so  surprising  that  an  investigation  into  the 
problem  was  undertaken  by  comparing  these  model  results 
with  full-scale  predictions.  The  second  part  of  this 
report  calculates  torsional  loads  for  full-scale  blades 
with  torsional  natural  frequencies  from  3/rev  to  7/rev. 
It  is  possible  to  find  a  full-scale  flight  condition 
near  a  model  test  condition,  with  approximately  the  same 
torsional  natural  frequency,  to  scale  down  the  torsional 
loads, and  to  compare  the  waveforms.  This  is  exactly 
what  has  been  done  in  Figure  19.  The  upper  portion  of 
the  figure  compares  theory  and  test  torsional  load  wave¬ 
forms  for  the  low-stiffness  model  blade.  This  figure 
shows  the  same  waveform  comparison  as  the  lower  half  of 
Figure  11,  and  probably  represents  the  worst  correlation 
obtained,  due  to  the  large  theoretical  higher  harmonic 
component  in  the  waveform.  The  lower  portion  of  this 
figure  compares  the  same  model  test  data  with  a  wave¬ 
form  calculated  for  a  CH-47C  rotor  blade  with  its  tor¬ 
sional  stiffness  (GJ)  reduced  to  0.25  of  its  original 
value  and  the  torsional  load  scaled  down  to  the  model 
size.  The  model  and  full-scale  rotors  have  approxi¬ 
mately  the  same  C-r/a  (0.1179  and  0.115)  and  torsional 
natural  frequency  (3.1/rev  and  3.0/rev);  however,  the 
cyclic  pitch,  rotor  shaft  tilt,  and  blade  flapping  are 
significantly  different  (see  the  parameters  noted  on 
the  figure) .  Even  though  the  flight  conditions  are 
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Figure  19.  Theory /Test  Correlation  for  Low-Stiffness  Blade 


significantly  different,  there  are  many  similarities 
in  the  waveform,  including: 

Peak-to-peak  amplitudes  are  about  the  same. 

Both  waveforms  are  predominantly  1/rev. 

Stall-induced  spikes  between  270  and  360  degrees 

azimuth  are  about  the  same  magnitude  and  in  phase. 

The  same  can  be  observed  in  Figure  20,  where  the  stan¬ 
dard  reference  blade  (torsional  natural  frequency  equals 
4.25/rev)  is  compared  with  a  CH-47C  blade  with  one- 
half  the  torsional  stiffness  (torsional  natural  fre¬ 
quency  equals  4.0/rev).  Again,  in  this  case,  the  full- 
scale  and  model  waveforms  agree  fairly  well.  The  stall 
spikes  agree  well  (though  slightly  phase  shifted) ,  the 
amplitudes  are  equivalent,  and  the  large  high-harmonic 
load  evident  in  the  calculated  model  waveform  is  not 
present. 

In  general,  it  is  clear  that  the  calculated  full-scale 
waveform  compares  better  with  the  model  wrveform  than 
do  the  calculated  model  results,  especially  as  far 
as  the  large  high-harmonic  load  components  are  con¬ 
cerned.  The  essential  difference  between  the  model 
and  full-scale  flight  conditions  is  the  lack  of  cyclic 
pitch  and  the  large  flapping  of  the  model  rotor  (i.e., 
12.1  degrees  flapping  for  the  model  blade  compared  to 
5.2  degrees  for  the  full-scale  blade).  The  large  model 
flapping  is  probably  the  significant  difference.  The 
unsteady  aerodynamic  theory  was  formulated  solely  from 
unsteady  pitching  data.  A  stall  delay  parameter  (see 
Reference  2)  was  formulated  from  the  pitch  oscillating 
data,  and  correlation  was  performed  only  with  the 
pitching  data.  The  plunging  effects  (i.e.,  the  in¬ 
duced  angle,  <p)  were  assumed  to  act  in  a  manner  similar 
to  the  mechanical  pitch  ai gle  (0) ,  in  that  constant 
mechanical  pitch  angle  (8)  and  the  induced  angle  (4>) 
due  to  constant  plunging  notion  are  equivalent  (see 
Figure  21) .  However,  as  Figure  21  shows,  time  varying 
0  and  time  varying  ^  are  not  equivalent,  since  they  do 
not  lead  to  the  same  chordwise  velocity  distribution. 
Though  Theodorsen's  equations  (Reference  3)  account 
for  this  below  stall,  it  has  not  been  taken  into 
account  in  the  determination  of  stall  delay.  For  stall 
delay,  it  has  been  assumed  that  dO/dt  and  d^/dt  have 
the  same  effect,  but  this  clearly  m3y  not  be  true. 

To  determine  whether  plunging  may  be  the  problem,  a 
two  point  theory/test  comparison  was  performed  with 
two-dimensional  vibratory  plunging  airfoil  test  data. 
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Figure  20.  Theory/Test  Correlation  for  Standard 
Reference  Blade. 
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Reasonable  theory/test  correlation  was  obtained  below 
stall,  but  the  results  near  stall  are  very  poor  as 
shown  in  Figure  22.  The  near-stall  comparison  shows 
that  the  test  results  have  not  stalled  while  the  theo¬ 
retical  prediction  has.  Therefore,  a  deficiency  in 
the  plunging  representation  may  exist  in  the  analysis 
that  becomes  apparent  for  model  test  conditions  where 
large  plunging  induced  cyclic  angle-of-attack  changes 
are  present  (neglecting  elastic  twist) .  It  is  proba¬ 
bly  this  plunging  deficiency  that  causes: 

The  higher  harmonic  load  in  the  predicted  model 
waveform 

The  premature  stall  inception  prediction  (see 
Figure  22) 

The  poor  flap  angle  prediction,  which  results  in 
poor  prediction  of  propulsive  force 

Other  areas  that  may  deteriorate  the  theoretical  pre¬ 
dictions  include: 

The  omission  of  oscillating  tangential  flow  effects, 
which  result  from  dVT/dt  due  to  y  effects  around  the 
azimuth 

An  insufficient  number  of  azimuth  calculation  points, 
(azimuth  interval  is  15  degrees)  which  may  provide 
poor  resolution  of  the  higher  harmonic  airloads 

The  omission  of  the  dynamic  CM  overshoot  term  dis¬ 
cussed  in  Appendix  IV 

The  use  of  an  approximate  value  for  the  lift  stall 
delay  parameter  for  a  Mach  number  of  0.6 

Even  though  the  theory/test  correlation  can  use  im¬ 
provement,  the  analysis  correctly  predicts  the  torsion¬ 
al  load  trend  with  CT/o  and  rotor  blade  torsional  fre¬ 
quency  for  the  model  blade,  and  provides  even  better 
correlation  for  full-scale  rotors  (Reference  2) . 

ANALYTICAL  INVESTIGATION  OF  STALL- INDUCED  DYNAMIC  LOADING 


The  Reference  1  study  shows  that  changes  of  a  blade's  torsional 
natural  frequency  can  change  the  stall-induced  control  loads. 
This  study,  however,  considered  only  a  single  airspeed  and  a 
single  blade  loading.  To  further  investigate  the  variation  of 
stall-induced  control  loads,  the  previous  study  was  expanded 
to: 
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Figure  22.  Comparison  of  Theory  and  Test  CL  Variations  for 
2-D  Plunging  Data. 
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1)  Determine  the  effect  of  various  blade  torsional  natu¬ 
ral  frequencies  (3/rev,  4/rev,  5.2/rev,  6.95/rev)  on 
stall-induced  torsional  loads  over  a  range  of  advance 
ratios  (hover  to  0.41)  and  blade  loadings  (0.05  to 
0.18). 

Determine  the  effect  of  blade  pitch  inertia,  control 
system  stiffness,  blade  twist,  cyclic  pitch,  and  tor¬ 
sional  frequency  (above  7/rev)  on  stall-induced  con¬ 
trol  loads. 

This  study  was  performed  using  program  C-60  (see  Appendix  I) 
to  analyze  a  single-rotor  aircraft.  The  previous  section 
demonstrated  the  program's  ability  to  predict  torsional  loads 
both  in  and  out  of  stall,  establishing  its  usefulness  as  a 
tool  for  performing  the  study. 

The  aircraft  used  for  this  study  is  a  single-rotor  helicopter 
with  a  CH-47C  blade.  A  20.1-square-foot  frontal  area  was 
assumed  for  the  fuselage,  and  a  tail  rotor  sufficient  for  trim 
purposes  was  added.  The  main  rotor  consisted  of  three  articu¬ 
lated  30-foot-radius  blades  with  a  constant  chord  of  25.25 
inches.  The  blade  cross  section  is  a  cambered  NACA  23010  air¬ 
foil  with  negative  9.137  degrees  of  linear  twist  along  the 
blade  span.  A  full  discussion  of  the  blade's  detailed  physi¬ 
cal  properties  is  presented  in  Appendix  III. 

Varying  Torsional  Natural  Frequency 

The  changes  of  the  blade  first  torsional  natural  frequency  for 
the  vast  majority  of  this  study  were  accomplished  by  adjusting 
the  blade  torsional  stiffness  (GJ)  of  a  standard  CH-47C  blade 
which  has  a  torsional  natural  frequency  of  5.165/rev.  Natural 
frequencies  of  3.0/rev,  4.04/rev,  and  6.97/rev  were  obtained 
by  multiplying  the  torsional  stiffness  distribution  of  the 
CH-47  by  factors  of  0.25,  0.5  and  3.3,  respectively.  This 
appears  to  be  the  most  realistic  parameter  for  change,  since 
fiberglass  and  other  composite  materials  make  large  torsional 
stiffness  variations  possible  through  various  cross-ply  lay-up 
techniques  and  selection  of  different  modulus  materials. 

Changing  the  torsional  natural  frequency  by  varying  the  control 
system  stiffness  is  not  practical,  since  most  of  the  torsional 
flexibility  is  obtained  from  the  blade.  Therefore,  a  large 
increase  in  control  system  stiffness  would  not  significantly 
increase  the  blade  torsional  natural  frequency  due  to  the  re¬ 
maining  flexibility  of  the  blade.  Large  reductions  in  the  con¬ 
trol  system  stiffness  would  successfully  lower  the  blade  tor¬ 
sional  frequency,  but  it  would  also  reduce  the  allowable 
loads,  since  the  strain  would  increase  significantly.  Electron¬ 
ically  adjusting  the  control  system  stiffness  through  a  feed¬ 
back  loop  is  possible,  but  the  resulting  induced  damping  (due 
to  phase  shifts)  and  impedance  variations  with  blade  harmonic 
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(due  to  system  resonances)  make  this  consideration  complex  and 
beyond  the  scope  of  this  study.  However,  a  very  limited  num¬ 
ber  of  control  stiffness  variations  were  made  to  determine  its 
effect . 

Changes  in  torsional  natural  frequency  can  also  be  made  by 
varying  the  blade  pitch  inertia.  However,  for  a  given  blade 
geometry,  it  is  very  unlikely  that  significant  changes  in 
blade  pitch  inertia  could  be  made  in  a  cost  and  weight  effec¬ 
tive  manner.  Significant  increases  in  inertia  would  result  in 
larger  blade  weight  and  an  inefficient  rotor  (from  weight  con¬ 
siderations)  .  A  significant  reduction  in  inertia  is  probably 
not  possible,  but  if  it  were,  exotic  and  expensive  blade  mate¬ 
rial  would  be  required  to  reduce  the  weight  and  inertia. 

A  much  simpler  method  of  changing  torsional  natural  frequency 
with  inertia  is  to  simply  vary  the  blade  aspect  ratio.  A  re¬ 
duced  chord  blade  would  have  a  lower  torsional  inertia  and  a 
higher  torsional  frequency,  and  an  increased  chord  blade  would 
have  higher  inertia  and  a  lower  frequency.  This,  however,  in¬ 
volves  changes  in  the  blade  geometry,  and  analytically  studying 
this  blade  is  beyond  the  scope  of  this  program. 

In  the  aircraft  industry,  there  are  a  number  of  helicopters 
with  significantly  different  aspect  ratios  than  the  CH-47C. 
These  include  the  low-aspect-ratio  Bell  rotors  with  a  rela¬ 
tively  large  chord  and  the  large-aspect-ratio  Sikorsky  rotors 
with  a  relatively  small  chord.  Therefore,  torsional  frequency 
changes  resulting  from  pitch  inertia  are  a  realistic  occur¬ 
rence  in  the  aircraft  industry.  A  limited  study  of  large 
pitch  inertia  changes  was  undertaken  to  investigate  this 
inertia  effect,  but  it  was  limited  to  a  blade  with  the  CH-47C 
chord.  Though  these  results  may  not  be  realistic  for  the 
chord  size  used,  they  are  an  indication  of  the  effect  of  tor¬ 
sional  inertia  on  blade  control  loads. 

Extent  of  Study 

Four  rotor  systems  with  different  torsional  natural  fre¬ 
quencies  blades  were  analyzed  for  24  flight  conditions,  repre¬ 
senting  a  total  of  88  analytical  data  points.  The  extensive 
matrix  of  flight  conditions  was  analyzed  to  investigate  the 
interactive  effects  of  blade  frequency,  airspeed,  and  blade 
loading.  Using  the  results,  control  load  trends  with  torsional 
natural  frequency,  blade  loading,  and  airspeed  were  determined. 
Finally,  a  flight  envelope  was  established  for  each  blade  fre¬ 
quency  at  a  constant  control  load  to  allow  a  comparison  over 
the  whole  range  of  flight  conditions. 

The  study  was  expanded  to  investigate  blade  torsional  fre¬ 
quencies,  from  7/rev  to  12/rev  for  a  limited  number  of  flight 
conditions,  to  establish  the  overall  variation  of  torsional 
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load  with  frequency  from  3/rev  to  12/rev.  Next,  torsional  fre¬ 
quency  variations  resulting  from  control  system  stiffness 
changes  and  torsional  inertia  changes  were  obtained  for  three 
flight  conditions  and  compared  with  the  results  obtained  by 
changing  the  blade  torsional  stiffness.  Finally,  variations 
of  blade  twist,  cyclic  pitch,  and  propulsive  force  were  inves¬ 
tigated  to  determine  if  other  means  for  reducing  the  stall 
control  loads  could  be  found.  This  secondary  study  represented 
an  additional  80  analytical  data  points. 

Analytical  Results  of  Flight  Matrix 

The  first  part  of  the  control  load  study  investigated  the 
variation  of  control  loads  with  changes  in  advance  ratio  and 
blade  loading  for  blades  with  first  torsional  natural  fre¬ 
quencies  of  3.0/rev,  4.04/rev,  5.165/rev,  and  6.97/rev.  An 
extensive  matrix  of  flight  conditions  was  established  to  in¬ 
vestigate  interactive  effects  of  blade  frequency,  airspeed, 
and  blade  loading  by  analyzing  the  four  different  torsional 
frequency  blades  at  each  flight  condition.  The  full  flight 
condition  matrix  is  given  below: 


Airspeed  0  kt 

C#p/ o 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

0.105 

0.11 


0.115  X 

0.12  X 

0.15  X 

0.165  X 

0.18  X 


125  kt 


X 

X 

X 

X 

X 

X 

X 


150  kt 


X 

X 

X 

X 

X 

X 


175  kt 


X 

X 

X 

X 

X 

X 


The  resulting  torsional  loads  from  the  flight  condition  matrix 
were  examined: 


1)  versus  blade  loading  for  constant  airspeed  and  torsion¬ 
al  frequency 

2)  versus  torsional  frequency  for  constant  airspeed  and 
blade  loading 

3)  versus  airspeed  for  constant  torsional  frequency  and 
blade  loading 
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These  results  showed  that  a  significant  reduction  of  the  basic 
blade  control  loads  can  be  realized  over  a  considerable  range 
of  advance  ratios  and  blade  loading  and  that  these  reductions 
lead  to  a  significant  extension  cf  the  control  load  limiting 
aircraft  flight  envelope.  This  can  be  summarized  by  cross 
plotting  and  occasionally  extrapolating  the  pitch-link  load 
trends  with  blade  loading  and  airspeed  to  obtain  the  flight 
condition  (as  a  function  of  Op/a  and  y)  that  first  experi¬ 
ences  a  2500-pound  pitch-link  load.  The  2500-pound  load  repre¬ 
sents  approximately  the  original  pitch-link  endurance  limit 
load  for  the  CH-47C  control  system. 

The  above  procedure  yields  a  blade  loading  versus  advance  ratio 
envelope  for  the  2500- pound  pitch-link  load.  Figure  23  com¬ 
pares  the  flight  envelopes  for  each  of  the  four  different  fre¬ 
quency  bjades  investigated.  The  solid  symbols  represent 
flight  conditions  for  a  2500-pound  load  obtained  by  interpola¬ 
tion.  Open  symbols  were  obtained  by  extrapolation.  The  lines 
represent  the  2500-pound  pitch-link  load  inception  boundary  as 
a  function  of  blade  loading  and  advance  ratio  for  each  of  the 
blades  studied.  Flight  conditions  (CT/a  and  y)  that  fall  below 
the  boundary  have  not  yet  reached  the  2500-pound  pitch-link 
load.  Flight  conditions  above  the  boundary  either  have  a  pitch- 
link  load  above  2500  pounds  or  had  to  fly  through  such  a  load 
condition . 

The  basic  blade  (torsional  natural  frequency  of  5.2/rev)  is 
represented  by  the  solid  line.  This  load  boundary  (solid  line) 
is  approximately  constant  at  a  blade  loading  of  0.11  up  to  an 
advance  ratio  of  0.35.  For  higher  advance  ratios,  the  bound¬ 
ary  shows  a  sharp  decrease,  reducing  to  a  blade  loading  of 
0.08  at  an  advance  ratio  of  0.42. 

As  Figure  23  shows,  a  blade  with  a  torsional  natural  frequency 
of  4/rev  (dashed  line)  has  the  best  load  boundary  and  repre¬ 
sents  a  significant  improvement  over  the  basic  blade  configu¬ 
ration.  The  4/rev  load  boundary  has  essentially  the  same 
shape  as  the  basic  blade,  but  it  occurs  at  a  higher  blade  load¬ 
ing.  The  basic  blade  boundary  is  at  a  blade  loading  0.015  be¬ 
low  the  4/rev  blade  at  an  advance  ratio  of  0.3.  This  means 
that  at  an  advance  ratio  of  0.3  the  basic  blade  would  reach  a 
pitch-link  load  of  2500  pounds  at  a  blade  loading  of  0.11, 
while  the  4/rev  blade  pitch-link  load  reaches  this  value  at 
0.125.  At  an  advance  ratio  of  0.38,  the  basic  and  4/rev  blade 
are  approximately  equal;  but,  at  an  advance  ratio  of  0.4,  the 
4/rev  blade  boundary  is  expanded  beyond  the  basic  blade  by  a 
blade  loading  of  0.005. 

The  3/rev  blade  (short  dashes)  shows  a  different  boundary 
trend.  At  an  advance  ratio  below  0.29,  the  3/rev  blade  has 
the  best  load  boundary,  with  the  2500-pound  load  reached 
beyond  a  blade  loading  of  0.125.  This  figure  is  not  exact 
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since  it  was  obtained  by  extrapolating  lower  blade  loading 
data  (the  maximum  load  reached  by  the  3/rev  blade  at  an  ad¬ 
vance  ratio  of  0.29  was  2,100  pounds  at  a  blade  loading  of 
0.12).  The  model  test  results,  which  were  obtained  at  an  ad¬ 
vance  ratio  around  0.28,  agree  with  these  results,  which  showed 
that  the  3/rev  blade  had  lowest  loads.  However,  the  3/rev 
boundary  does  not  plateau  like  the  4/rev  and  5.2/rev  blades, 
but  instead  drops  sharply  with  increasing  advance  ratio  and 
eventually  falls  below  the  three  other  blades  at  a  0.375  ad¬ 
vance  ratio.  Beyond  an  advance  ratio  of  0.34,  the  3/rev  blade 
is  worse  than  the  basic  blade.  The  sharp  boundary  reduction 
of  this  blade  at  the  higher  advance  ratios  is  due  to  a  large 
load  growth,  which  eventually  becomes  an  instability.  The 
instabilities  are  experienced  at  an  advance  ratio  of  0.35  and 
beyond,  and  clearly  mark  the  3/rev  blade  as  unacceptable,  at 
least  for  the  current  pitch-link  controlled  configuration. 

The  7/rev  blade  clearly  has  the  poorest  load  boundary  up  to  an 
advance  ratio  of  about  0.37.  At  the  higher  advance  ratios 
(above  0.35)  the  7/rev  blade  has  the  smallest  reduction  of 
blade  loading  capability  with  increasing  advance  ratio,  which 
can  be  seen  below: 


REDUCTION  OF  CT/o  PER  0.1  y 


INCREASE  ABOVE 

y  =  0 

3/rev 

0.060 

4/rev 

0.054 

5 . 2/rev 

0.045 

7/rev 

0.012 

The  7/rev  boundary  reduction  is  about  one  quarter  that  of  the 
other  blades.  In  this  region  the  7/rev  blade  surpasses  the 
3/rev  blade  at  an  advance  ratio  of  0.37,  surpasses  the  basic 
blade  at  0.40,  and  apparently  will  surpass  the  4/rev  blade 
around  0.44.  The  7/rev  blade  may  very  well  prove  to  have  the 
best  load  boundary  beyond  an  advance  ratio  of  0.44. 

In  summary,  the  study  shows  that  the  stall-induced  control  loads 
can  be  reduced  by  lowering  the  rotor  blade  torsional  stiffness 
so  that  the  first  torsional  natural  frequency  is  reduced  to 
about  4/rev.  Larger  reductions  in  torsional  frequency  (to  3/rev) 
reduce  control  loads  for  low  advance  ratios  (below  p*0.3),  but 
result  in  a  large  load  increase  and  rotor  instability  at  high 
advance  ratios  (y  >  0.35).  A  higher  frequency  blade  (7/rev) 
generated  large  stall  loads  at  low  and  moderate  airspeeds,  but 
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may  provide  lower  loads  at  high  advance  ratios  (w  >  0.45). 

One  further  note — the  endurance  limit  pitch-link  load  (2500 
pounds)  has  been  nondimensional  so  that  this  figure  may  be 
used  for  aircraft  of  different  size.  The  pitch-link  load  has 
been  divided  by  the  radius  times  the  cnord  squared  and  multi¬ 
plied  by  the  pitch  arm  (see  figure  below)  ,  all  expressed  in 
units  of  feet.  The  resulting  number  (16.08)  can  be  converted 
to  an  equivalent  load  for  any  aircraft  by  multiplying  by  the 
aircraft's  blade  radius  and  chord  squared  and  dividing  by  the 
pitch  arm. 
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The  following  sections  will: 

1)  examine  the  torsional  load  trends  with  blade  loading 
and  torsional  natural  frequency, 

2)  review  the  pitch-link  load  waveforms,  and 

3)  determine  the  variation  of  propulsive  force  and  rotor 
power . 

Pitch-Link  Load  Variation  With  Blade  Loading 

The  detailed  results  of  this  study  can  be  presented  in  many 
ways.  The  choice  of  initially  reviewing  the  variation  of  the 
pitch-link  load  with  blade  loading  was  made,  since  this  format 
allows  for  a  greater  physical  understanding  than  would  an  exam¬ 
ination  of  the  load  trend  with  frequency.  Figures  24  through 
26  show  the  variation  of  pitch-link  load  with  blade  loading  for 
each  of  the  four  different  torsional  frequency  blades,  at  air¬ 
speeds  of  125  knots,  150  knots,  and  175  knots.  For  a  given 
blade  and  airspeed,  the  figures  show  the  variation  of  pitch-link 
load  as  the  blade  thrust  is  incrementally  increased.  Presenting 
all  four  blades  at  a  given  airspeed  on  the  same  plot  allows 
direct  comparison  at  the  same  flight  conditions. 

For  all  figures,  the  basic  CH-47C  blade  (with  a  torsional  natu¬ 
ral  frequency  of  5.2/rev)  is  indicated  by  a  solid  line.  At  an 
airspeed  of  125  knots  (Figure  24),  the  basic  blade  pitch-link 
load  increases  slowly  with  blade  loading  up  to  a  value  of  0.10. 
In  this  region  the  pitch-link  load  waveform  is  predominantly 
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Vibratory  Pitch-Link  Load  Amplitude 
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Figure  24.  Variation  of  Pitch-Link  Load  Amplitude  With  Blade 
Loading  at  125  Knots,  \i  =  0.288. 


Vibratory  Pitch-Link  Load  Amplitude 


O  3/Rev  Blade 
£  4.04/Rev  Blade 

□  5.165/Rev  Blade 

0  6.97/Rev  Blade 


J/ 

Pitch- Link  Load  =  2500  lb^ 


5.2/Rev 


1000 


0  I _  " 

0.05  0.06  0.  07  0.08  0.09  0.  10  0.11  0.12 

C  /a  -  Blade  Loading 

Figure  25.  Variation  of  Pitch-Link  Load  Amplitude  With  Blade 
Loading  at  150  Knots,  y  =  0.344. 
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Figure  26.  Variation  of  Pitch-Link  Load  Amplitude  With  Blade 
Loading  at  175  Knots,  u  -  0.397. 


1/rev  and  the  loads  are  classified  as  unstalled  (even  though 
some  stall  is  present) .  Stall  inception  occurs  at  a  blade 
loading  of  about  0.103.  The  stall  inception  represents  the 
flight  condition  at  which  the  control  loads  begin  to  exhibit 
the  rapid  increase  due  to  blade  stall.  In  this  region  the 
pitch-link  load  waveform  has  a  large  high-frequency  torsional 
load  component  which  generally  appears  between  270  and  60 
degrees  azimuth,  and  usually  determines  the  load  amplitude. 

The  stalled  pitch-link  load  continues  to  rise  to  2650  pounds 
at  a  blade  loading  of  0.11.  Increasing  the  blade  loading 
beyond  this  point  results  in  a  load  reduction.  This  reversal 
of  the  load  trend  may  at  first  appear  surprising,  but  it  has 
been  observed  in  model  data  (see  Figure  6) .  There  is  also 
full-scale  data  that  indicates  the  existence  of  the  same  phe¬ 
nomenon.  CH-47C  flight  data  shows  that  pitch-link  loads  do 
not  continually  increase  with  increasing  rotor  thrust  as  shown 
in  Figure  27.  The  figure  shows  the  stall-induced  pitch-link 
load  variation  with  increasing  blade  loading.  The  dotted  line 
indicates  the  expected  stalled  pitch-link  load  growth,  if  no 
load  reversal  were  present.  Clearly,  the  bulk  of  the  data 
falls  below  the  expected  no-reversal  load  line,  indicating  that 
load  reductions  do  occur  in  deep  stall.  The  figure  used  non- 
dimensional  coordinates  to  reduce  a  variety  of  data  to  a 
single  figure.  Data  included  maneuver  and  level  flight  con¬ 
ditions  with  airspeeds  up  to  150  knots  and  load  factors  beyond 
2.3  g ' s. 

The  7/rev  blade  has  generally  the  same  pitch-link  load  trend 
with  blade  loading  as  the  basic  blade.  There  is  an  unstalled 
load  region  up  to  a  blade  loading  of  0.09,  a  stalled  load 
region  typified  by  a  large  load  increase  with  blade  loading, 
and  finally  a  load  reversal  at  a  blade  loading  of  0.11.  As 
far  as  control  loads  are  concerned,  the  7/rev  blade  is  signifi¬ 
cantly  worse  than  the  basic  blade.  In  the  unstalled  region, 
the  loads  are  about  the  same:  in  stall,  the  7/rev  blade  loads 
are  65  percent  larger;  and  stall  inception  occurs  at  a  blade 
loading  of  about  0.095,  which  is  0.008  before  the  basic  blade. 
Certainly,  as  far  as  stalled  control  loads  at  125  knots  are 
concerned,  this  blade  is  clearly  the  worst  in  the  field. 

The  4/rev  pitch-link  load  trend  with  increasing  blade  loading 
is  significantly  different  from  the  two  blades  discussed  above. 
There  is  the  typical  unstalled  region  with  little  load  growth 
up  to  a  blade  loading  of  0.09.  There  is  then  a  region  of 
moderate  load  growth  between  0.09  and  0.10,  which  is  not  typi¬ 
cal  of  the  stalled  or  unstalled  load  region.  From  a  blade 
loading  of  0.10  to  0.11,  there  is  a  load  plateau,  and  stall 
inception  occurs  at  0.113.  The  unexpected  load  bump  at  0.10 
may  be  due  to  a  local  aeroelastic  peak  response,  caused  by  a 
load  reinforcing  effect  of  the  flight  condition  or  trim  com¬ 
bined  with  the  larger  live  twist  of  the  4/rev  blade.  If  this 
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Figure  27.  Pitch-Link  Loads  Do  Not  Continually  Increase  With 
Increasing  Blade  Loading. 


load  bump  were  not  present,  the  low  load  growth  rate  associated 
with  the  substall  condition  would  continue  up  to  a  blade  load¬ 
ing  of  0.11;  and  the  basic  control  load  trend  with  blade  load¬ 
ing  would  be  the  same  as  the  other  blades. 

As  far  as  pitch-link  loads  are  concerned,  the  4/rev  blade  is 
significantly  better  than  the  basic  blade.  Below  a  blade 
loading  of  0.105,  the  basic  blade  has  slightly  lower  loads. 
Beyond  0.105,  the  4/rev  load  is  consistently  lower  than  the 
basic  blade;  and,  at  0.11  blade  loading,  it  has  only  58  per¬ 
cent  of  the  basic  blade  load. 

The  3/rev  blade  has  the  same  load  trend  with  blade  loading  as 
the  other  blades.  The  unstalled  load  region  extends  to  a 
blade  loading  of  0.115.  Stall  inception  does  not  occur  until 
approximately  0.117.  There  is  no  doubt  that  the  3/rev  blade 
has  the  lowest  stall  loads  and  is  clearly  the  best  blade  for 
blade  loadings  beyond  0.10. 

A  review  of  the  125-knot  results  shows  that: 


1)  The  3/rev  blade  provides  the  lowest  stall-induced 
pitch-link  loads. 

2)  The  4/rev  blade  stall-induced  loads  are  approximately 
the  same  as  the  3/rev  blade  load. 


3)  The  7/rev  blade  has  the  largest  stall  loads. 

4)  Stall  inception  occurs  at  a  lower  blade  loading  as 
blade  frequency  is  increased  (see  table  below) . 


Torsional 

Frequency 


Stall  Inception  Blade  loading  Reduction 
Blade  Loading  Compared  to  3/Rev  Blade 


3/rev 

4/rev 

5.2/rev 

7/rev 


0.117 

0.113 

0.103 

0.095 


0.004 

0.014 

0.022 


5)  There  is  a  good  correlation  between  the  blade  loading 
reduction  at  stall  inception  (see  right-hand  column 
of  table  above)  and  the  blade  loading  reduction  at 
2500  pounds  (see  right-hand  column  of  table  below) . 
This  indicates  that  earlier  stall  inception  results 
in  reduced  blade  loading  capability. 
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Torsional 

Frequency 

Pitch- 
Link  Load 

Blade 

Loading 

Blade  Lo 
Re duct 

3/rev 

2500 

0.125 

- 

4/rev 

2500 

0.123 

0.002 

5.2/rev 

2500 

0.109 

0.016 

7/rev 

2500 

0.103 

0.022 

It  is  clear  from  these  results  that  at  125  knots,  the  stall- 
induced  pitch-link  loads  are  lowest  for  blades  with  low  tor¬ 
sional  frequencies  and  largest  for  blades  with  high  torsional 
frequencies. 


CH-47C  flight  test  data  substantiates  the  conclusion  that  stall 
inception  occurs  at  lower  blade  loadings  as  blade  frequency  is 
increased  and  that  there  is  a  load  reversal  at  high  blade  load¬ 
ings.  Figure  28  shows  the  results  of  a  CH-47C  advanced- 
geometry  blade  flight  test  for  aft  rotor  blades  with  a  boron 
filament  spar  and  a  fiberglass  spar,  at  an  advance  ratio  of 
0.2.  The  boron  blade  first  torsional  natural  frequency  is 
6. 53/ rev  and  the  fiberglass  blade  frequency  is  5.45/rev.  The 
boron  blade  stall  inception  occurred  at  a  blade  loading  of 
0.089,  and  the  fiberglass  blade  inception  occurs  at  0.098. 

This  represents  a  stall  inception  delay  of  0.009  due  to  a  re¬ 
duction  in  torsional  frequency  from  6.53/rev  to  5.45/rev.  The 
single-rotor  study  results  show  a  stall  delay  of  0.008  for  re¬ 
ducing  the  torsional  frequency  from  7/rev  to  5.2/rev,  at  an 
advance  ratio  of  0.3. 

At  150  knots  (see  Figure  25)  the  basic  blade  experiences  a 
load  trend  with  blade  loading  similar  to  the  125-knot  results 
but  with  some  significant  differences.  There  is  an  unstalled 
load  region  up  to  about  0.08,  typified  by  a  slow  increase  of 
pitch-link  load  with  blade  loading.  Stall  inception  appears 
to  occur  around  0.103  with  a  rapid  load  increase.  The  load 
drops  at  a  blade  loading  of  0.115,  showing  a  load  reversal  as 
observed  at  125  knots.  In  the  region  between  0.08  and  0.1,  a 
different  load  trend  is  observed.  The  load  increases  gradu¬ 
ally  from  1500  pounds  to  2000  pounds,  but  at  a  faster  rate 
than  the  substall  load  growth.  This  load  trend  is  similar  to 
the  4/rev  results  at  125  knots,  but  an  additional  factor  has 
been  added.  The  pitch-link  load  waveform  at  0.09,  and  espec¬ 
ially  at  0.10,  shows  all  the  signs  of  a  stall-induced  load 
waveform,  but  the  loads  do  not  grow  rapidly  with  blade  load¬ 
ing.  It  is  probable  that,  at  150  knots  with  a  different  angle- 
of-attack  distribution  and  reverse  flow  region,  the  stall- 
induced  load  trend  is  not  the  same  as  experienced  at  the  lower 
speed  flight  conditions. 
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Pitch-Link  Load  Amplitude 


The  7/rev  blade  shows  a  similar  load  trend  with  blade  loading 
as  the  basic  blade,  but  with  significantly  larger  stall  loads. 
The  unstalled  loads  occur  up  to  0.07.  Stall  inception  occurs 
at  approximately  0.075  with  its  typical  rapid  control  load 
growth.  The  loads  level  out  at  0.10,  but  then  appear  to  reach 
a  second  stall  inception  near  0.105  and  begin  to  grow  at  a 
very  rapid  rate.  The  strange  load  increase  of  the  basic  blade 
near  0.09  is  very  similar  to  the  7/rev  first  stall  inception, 
in  that  both  blades  experienced  load  growth  rates  larger  than 
for  unstalled  conditions  and  both  experienced  stall-induced 
pitch-link  load  waveforms. 

The  4/rev  blade  appears  to  have  no  real  stall  inception.  A 
typical  unstalled  load  growth  continues  to  about  0.09.  A 
small  load  increase  at  0.10,  similar  to  the  load  bump  at  125 
knots  for  the  same  blade  loading,  is  the  only  variation  from  a 
substall  load  growth  rate.  The  load  waveform  shows  the  typi¬ 
cal  higher  harmonics  induced  by  stall,  but  they  are  relatively 
small  and  not  typical  of  a  fully  stalled  waveform  (i.e., 
beyond  stall  inception)  .  It  is  clear  that  this  blade  is  behav¬ 
ing  in  a  special  way,  since  the  load  does  not  exceed  2100 
pounds  all  the  way  up  to  a  blade  loading  of  0.115. 

The  3/rev  blade  shows  a  significantly  different  trend  than  it 
did  at  125  knots.  Up  to  a  blade  loading  of  0.10,  the  loads  ap¬ 
pear  reasonable,  but  beyond  this  the  load  grows  at  an  extremely 
rapid  rate.  In  fact,  at  a  blade  loading  of  0.115,  the  blade  is 
apparently  unstable,  since  the  loads  have  grown  so  large  that 
the  blade  would  probably  fail.  The  3/rev  blade  is  experiencing 
an  additional  problem  which  is  not  apparent  by  simply  observing 
the  load  trend.  For  all  the  load  conditions  calculated  at  150 
knots,  the  required  power  exceeds  the  available  power.  Appar¬ 
ently  the  blade  is  experiencing  so  much  live  twist  that  there 
is  a  significant  increase  in  rotor  drag.  The  other  blades,  by 
contrast,  exceed  the  available  power  only  at  a  blade  loading 
of  0.115.  (Note:  none  of  the  blades  exceeded  the  available 
power  at  the  125-knot  flight  condition.)  It  is  therefore  ob¬ 
vious  that  the  3/rev  blade  is  not  an  acceptable  configuration 
for  the  150-knot  flight  condition. 

Summarizing  the  150-knot  results,  it  can  be  concluded  that: 

1)  The  4/rev  blade  provides  the  lowest  stall-induced 
loads . 

2)  The  3/rev  blade  is  not  a  plausible  configuration  for 
the  150-knot  flight  environment. 

3)  The  7/rev  blade  has  the  largest  loads  of  the  three 
remaining  blades. 
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4)  The  stall  inception  is  no  longer  clearly  defined,  and 
the  load  trends  are  significantly  different  from  the 
125-knot  results. 

5)  There  is  again  excellent  correlation  between  general 
stall  load  level  and  the  blade  loading  at  which  a 
pitch-link  load  of  2500  pounds  is  reached,  as  shown 


below: 

Torsional 

Frequency 

Pitch- 
Link  Load 

Blade 

Loading 

Sequence  of 
Stall  Inception 

4/rev 

2500 

0.124 

4 

5 . 2/rev 

2500 

0.1075 

3 

3/rev 

2500 

0.105 

2 

7/rev 

2500 

0.091 

1 

However,  this  does  not  show  the  3/rev  blade  power 
limitation. 

At  175  knots  (see  Figure  26)  the  basic  blade  load  trend  with 
blade  loading  is  different  from  the  trends  for  the  previous 
airspeeds.  Unstalled  leads  continue  to  a  blade  loading  of  0.07, 
and  stall  inception  occurs  at  about  0.075.  The  stalled  load  in¬ 
creases  with  the  typically  large  growth  rate  up  to  0.09; 
beyond  this  point,  the  load  does  not  reverse  as  for  previous 
airspeeds,  but  continues  to  increase  at  about  one-half  the  load 
growth  rate.  The  blade  loading  at  stall  inception  shows  a  sig¬ 
nificant  reduction  with  airspeed,  dropping  from  0.103  at  125 
knots  to  0.075  at  175  knots.  This  reduction  reflects  the  in¬ 
creased  angle  of  attack  (and  hence  earlier  stall)  required  to 
fly  at  larger  advance  ratios. 

The  7/rev  blade  load  trend  at  175  knots  is  almost  identical 
with  the  basic  blade  trend  up  to  0.09.  This  blade  shows  the 
load  reversal  typical  of  the  lower  airspeed,  but  then  resumes 
the  load  increase  at  the  typical  stalled  load  growth  rate. 

There  is  little  to  choose  from  between  the  basic  blade  and  the 
7/rev  blade.  Though  the  7/rev  blade  has  a  load  reversal  at 
0.1,  its  load  growth  with  blade  loading  resumes  at  about  twice 
the  rate  of  the  basic  blade.  The  7/rev  blade  also  shows  a  sig¬ 
nificant  reduction  in  blade  loading  at  stall  inception  for 
increasing  airspeed.  At  125  knots,  stall  inception  occurred  at 
0.095;  at  150  knots,  the  value  is  0.075;  and  at  175  knots,  the 
value  is  around  0.065. 
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The  4/rev  blade  has  a  typical  substall  load  growth  up  to  0.07 
and  generally  follows  the  load  trend  of  the  7/rev  blade  and 
the  basic  blade  up  to  0.08.  Beyond  this  point  the  load  growth 
rate  drops  dramatically;  and  at  a  blade  loading  of  0.09,  the 
pitch-link  load  is  1000  pounds  below  the  other  two  blades. 
However,  beyond  this  point  the  load  growth  rate  increases 
sharply;  and,  at  0.01  and  beyond,  the  load  is  the  largest,  ex¬ 
cept  for  the  3/rev  blade. 

The  3/rev  blade  is  not  a  serious  consideration  at  this  air¬ 
speed.  The  loads  are  1500  pounds  beyond  any  of  the  other 
blades,  and  an  instability  is  apparent  at  0.09.  The  large  live 
twist  must  be  leading  to  these  extreme  load  problems.  This 
comment  is  not  meant  to  condemn  all  torsionally  soft  rotors  at 
high-speed  flight.  A  system  like  Kamans,  which  controls  the 
live  twist  from  near  the  tip  with  aero  tabs,  may  survive  in 
this  environment. 

Summarizing  the  175-knot  results,  it  can  be  concluded  that: 

1)  The  3/rev  blade  as  configured  here  is  not  practicable 
for  the  175-knot  environment. 

2)  None  of  the  three  remaining  blades  has  a  clear  advan¬ 
tage  at  this  airspeed.  A  reduced  load  at  one  blade 
loading  is  cancelled  by  a  large  load  growth  in  another 
region. 

3)  The  stall  inception  blade  loading  decreases  signifi¬ 
cantly  with  increasing  airspeed. 

4)  The  three  blades  (excluding  the  3/rev  blade)  have  a 
stall  inception  around  a  blade  loading  of  0.075. 

5)  There  is  reasonable  correlation  between  the  general 
stall  load  level  and  the  blade  loading  at  which  a 
pitch-link  load  of  2500  pounds  is  reached  as  shown 
below: 

Torsional  Pitch-  Blade 


Frequency 

Link  Load 

Loading 

4/rev 

2500 

0.091 

7/rev 

2500 

0.083 

5 . 2/rev 

2500 

0.082 

3/rev 

2500 

0.069 

53 


This  section  shows  that  the  4/rev  blade  best  meets  the  overall 
objective  of  reduced  stall-induced  pitch-link  loads  over  the 
entire  airspeed  and  blade  loading  range  investigated. 

-Pitch-Link  Load  Variation  With  First  Torsional  Natural 
Frequency 

Plots  of  blade  pitch-link  load  versus  torsional  natural  fre¬ 
quency  for  a  constant  airspeed  and  blade  loading  are  presented 
in  Figures  29  through  31.  Though  the  same  analytical  results 
are  involved  as  in  the  previous  section,  these  plots  provide  a 
much  easier  means  for  evaluating  the  effects  of  torsional  fre¬ 
quency  to  confirm  the  previous  conclusions. 

Figure  29  shows  the  pitch-link  load  variation  with  torsional 
frequency  for  blade  loadings  from  0.08  to  0.12  for  an  airspeed 
of  125  knots.  Below  stall  (blade  loadings  of  0.08  and  0.09), 
there  is  a  slight  load  increase  (less  than  100  pounds)  as  the 
blade  frequency  is  reduced  from  7/rev  to  4/rev.  There  is  an 
additional  100-pound  load  increase  as  the  frequency  is  further 
reduced  to  3/rev.  At  a  blade  loading  of  0.10,  the  7/rev  blade 
has  the  largest  load,  and  the  4/rev  blade  has  a  200-pound 
larger  load  than  the  other  two  blades.  This  4/rev  load  corre¬ 
sponds  to  the  load  bump  indicated  in  the  previous  section. 

In  stall  at  blade  loadings  of  0.11  and  0.115,  there  is  a  sharp 
load  increase  with  increasing  blade  frequency.  The  3/rev  and 
4/rev  blades  have  the  lowest  loads  (around  1700  pounds)  with 
very  little  difference  between  them.  The  basic  blade  (with  a 
torsional  frequency  of  5.2/rev)  has  a  load  of  around  2500  pounds, 
and  the  7/rev  blade  has  a  load  of  around  4200  pounds.  In  deep 
stall  (a  blade  loading  of  0.12),  the  loads  are  around  2200 
pounds  for  all  blades,  with  the  7/rev  blade  450  pounds  larger. 

It  is  clear  from  this  figure  that  the  3/rev  and  4/rev  blades 
have  the  lowest  stall-induced  pitch-link  loads,  and  there  is 
a  very  large  stalled  load  increase  (47  percent  at  5.2/rev  and 
145  percent  at  7/rev)  with  increasing  torsional  frequency. 

The  pitch-link  load  variation  with  torsional  frequency  for  an 
airspeed  of  150  knots  is  shown  in  Figure  30.  Three  distinct 
load  trends  with  frequency  appear  at  this  airspeed.  First, 
there  is  the  typical  unstalled  load  trend  (at  0.06  and  0.07) 
with  about  a  150-pound  load  reduction  obtained  by  increasing 
the  torsiona)  natural  frequency  from  4/rev  to  7/rev.  Next, 
there  is  a  blade  loading  region  of  semi-stall  (0.09  and  0.10), 
where  the  loads  are  about  700  pounds  larger  than  the  unstalled 
condition  but,  except  for  the  7/rev  blade,  do  not  have  all  the 
elements  of  full  stall.  In  this  region  there  is  no  signifi¬ 
cant  trend  with  frequency,  except  for  the  7/rev  blade,  which  is 
about  500  pounds  larger  than  the  others.  The  third  trend  is 
for  the  full  stall-induced  loads,  at  blade  loadings  of  0.11 
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Torsional  Natural  Frequency  -  u> 


Figure  29.  Variation  of  Pitch-Link  Load  Amplitude  With 
Natural  Frequency  for  125  Knots,  y=0.289. 
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Vibratory  Pitch- 


Figure  30.  Variation  of  Pitch-Link  Load  Amplitude  With 
Natural  Frequency  for  150  Knots,  vj=0.344. 
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Vibratory  Pitch-Link  Load  Amplitude 
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Figure  31 


Variation  of  Pitch-Link  Load  Amplitude  With 
Natural  Frequency  for  175  Knots,  y  0.39  . 
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and  0.115.  Here,  the  3/rev  blade's  tendency  toward  instability 
is  first  observed.  The  instability  is  obvious  at  a  blade  load¬ 
ing  of  0.115,  where  the  calculated  load  exceeds  10  times  the 
pitch-link  endurance  limit.  The  4/rev  blade  has  the  lowest 
load  at  2000  pounds.  The  5.2/rev  pitch-link  load  increases  to 
2750  pounds,  while  the  7/rev  load  is  about  3200  pounds. 

In  summary,  at  150  knots,  the  4/rev  blade  has  the  lowest  stall- 
induced  pitch-link  loads;  the  3/rev  blade  is  not  practical  at 
this  airspeed;  and  again  there  is  a  stalled  load  growth  with 
frequency  (37  percent  at  5.2/rev  and  60  percent  at  7/rev),  but 
not  as  rapid  as  the  125-knot  growth  rate. 

At  an  airspeed  of  175  knots,  there  again  are  three  distinct 
pitch-link  load  trends  with  torsional  frequency,  as  shown  in 
Figure  31.  The  first  trend  is  the  unstalled  loads,  which  occur 
at  blade  loadings  of  0.05  and  0.07  and  show  a  load  reduction  of 
200  pounds  by  increasing  the  torsional  frequency  from  4/rev  to 
7/rev.  A  load  increase  of  800  pounds  is  obtained  by  reducing 
the  torsional  frequency  from  4/rev  to  3/rev  at  a  0.07  blade 
loading. 

The  second  trend  (obtained  at  0.08  and  0.09)  shows  a  large 
diverging  load  at  3/rev,  a  minimum  load  of  about  2400  pounds  at 
4/rev,  and  an  equal  or  increasing  load  at  higher  frequencies. 

At  a  blade  loading  of  0.08,  the  loads  at  4/rev,  5.2/rev  and 
7/rev  blades  are  within  100  pounds.  However,  at  0.09,  the  5.2/ 
rev  and  7/rev  blades  are  500  pounds  larger  than  the  4/rev 
blade. 

In  deep  stall  (0.10  and  0.11),  the  loads  decrease  with  increas¬ 
ing  frequency.  The  3/rev  blade  is  unstable;  the  4/rev  blade 
loads  are  about  4000  pounds;  the  5.2/rev  blade  loads  are  about 
3300  pounds  (17  percent  lower  than  the  4/rev) ;  and  the  7/rev 
blade  loads  are  about  3200  pounds  (20  percent  lower) .  This  is 
the  only  situation  where  increased  stiffness  results  in  a  re¬ 
duction  of  the  stall-induced  control  load.  However,  these 
results  must  be  viewed  with  caution,  since  the  power  limit  is 
exceeded  for  all  the  blades  in  the  deep  stalled  conditions. 

The  reduced  load  trend  for  the  higher  frequency  blade  is  still 
useful  in  the  event  that  the  available  power  is  increased. 

Overall,  the  4/rev  blade  has  the  lowest  stall-induced  pitch- 
link  loads.  At  125  knots  and  150  knots,  the  4/rev  blade 
clearly  has  the  lowest  stall  loads.  At  175  knots,  for  loads 
below  the  power  limit,  the  4/rev  blade  is  equal  to  or  better 
than  the  higher  frequency  blades. 

-Pitch-Link  Load  Waveforms 

Examination  of  the  pitch-link  load  waveforms  for  the  different 
frequency  blades  at  various  flight  conditions  will  provide 
further  understanding  of  the  observed  load  trends.  As  a  back¬ 
ground  for  this  discussion,  three  basic  pitch-link  load  wave¬ 
forms  that  have  been  obtained  from  CH-47C  flight  data  will  be 


defined.  The  upper  waveform  in  Figure  32  is  a  typical  un¬ 
stalled  pitch-link  load  azimuthal  variation.  The  waveform  is 
predominantly  1/rev  with  some  2/rev.  It  exhibits  a  nosedown 
load  around  90  degrees  azimuth  and  a  relatively  level  load  from 
around  230  degrees  to  0  degrees  azimuth.  The  second  waveform, 
in  the  middle  of  Figure  32,  shows  initial  stall  effects.  There 
are  stall-induced  load  spikes  (i.e.,  high-frequency  load  vari¬ 
ations)  occurring  on  the  retreating  blade  from  approximately 
250  degrees  to  30  degrees  azimuth.  These  spike  loads  do  not 
determine  the  waveform  peak-to-peak  load  and  represent  a  tran¬ 
sitional  waveform  between  unstalled  and  the  fully  stall- 
induced  high-frequency  load.  The  bottom  waveform  illustrates 
the  full  stall-induced  pitch-link  load.  For  this  waveform, 
the  stall-induced  spikes  determine  the  blade  peak-to-peak  load. 

At  an  airspeed  of  125  knots,  the  four  different  frequency 
blades  experience  the  first  two  waveform  types  (unstall  and 
transitional  stall) ,  and  all  but  the  3/rev  blade  experience 
the  full  stall  waveform.  The  upper  half  of  Figures  33  through 
36  illustrate  typical  unstalled  waveforms  for  the  four  blades. 
These  unstalled  waveforms  correspond  to  the  low  pitch-link 
load  regions  at  the  low  blade  loadings.  The  lower  half  of 
these  figures  illustrate  the  full  stall-induced  waveform  for 
the  lowest  blade  loading  with  a  full  stall  waveform. 

The  3/rev  blade,  at  a  blade  loading  of  0.12,  does  not  have  a 
fully  stalled  waveform  (see  Figure  33) .  The  4/rev  blade,  at  a 
blade  loading  of  0.12,  just  reaches  a  fully  stalled  waveform 
(see  Figure  34)  and,  therefore,  achieves  a  fully  stalled  wave¬ 
form  at  a  lower  blade  loading  than  the  3/rev  blade.  The  basic 
blade  (with  a  torsional  natural  frequency  of  5.2/rev)  has  a 
fully  developed  stall  waveform  at  0.11  (see  Figure  35),  a  full 
0.01  earlier  than  the  4/rev  blade.  The  7/rev  blade  (see  Fig¬ 
ure  36)  shows  full  stall  at  0.10,  which  is  0.01  earlier  than 
the  basic  blade.  From  these  figures,  it  is  clear  that  the 
stall-induced  loads  occur  at  lower  blade  loadings  as  the  blade 
torsional  frequency  is  increased. 

Both  the  basic  blade  and  the  7/rev  blade  experience  a  load  re¬ 
duction  above  a  blade  loading  of  0.11.  For  both  blades  the 
pitch-link  load  waveform  continues  with  the  large  stall- 
induced  spikes,  but  the  spike  amplitude  is  reduced  as  the  load 
reduction  occurs. 

Reviewing  the  stalled  waveforms,  it  becomes  apparent  that  the 
stall  spike  frequency  is  clearly  increasing  with  increasing 
blade  frequency.  By  measuring  the  azimuth  region  between  ad¬ 
jacent  stall  spikes,  a  spike  frequency  may  be  determined.  The 
table  below  shows  the  results  of  these  measurements: 


59 


.tch-Link  Load  -  lb  Pitch-Link  Load  -  lb  Pitch-Link  Load 


Pitch-Link  Load  -  lb  Pitch-Link  Load 


Figure  33.  Typical  Pitch-Link  Load  Waveforms  for  the  3/Rev 
Blade  at  125  Knots,  m  =  0.289. 
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Pitch-Link  Load 


Unstalled  Waveform  -  C^/a= 0.10 


Figure  35.  Typical  Pitch-Link  Load  Waveforms  for  the  5.2/Rev 
Blade  at  125  Knots,  u  =  0.289. 
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Fiqure  36.  Typical  Pitch-Link  Load  Waveforms  for  the  7/Rev 
Blade  at  125  Knots,  y  =  0.289. 
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Blade 

requency 

Azimuth 

Between  Spikes 

Spike 

Frequency 

3/rev 

-83° 

4.3/rev 

4/rev 

-72° 

5 . 0/rev 

5.2/rev 

-58° 

6 . 2/rev 

7/rev 

-45° 

8.0/rev 

This  table  shows  that  the  stall  spike  frequency  increases  as 
the  blade  torsional  frequency  is  increased.  The  spike  fre¬ 
quency  appears  to  be  about  1/rev  above  the  torsional  natural 
frequency. 

Figures  37  through  40  illustrate  typical  stalled  waveforms  for 
the  four  blades  at  airspeeds  of  150  knots  and  175  knots.  A 
quick  look  through  the  figures  shows  a  large  variation  in  the 
stalled  waveforms.  The  low-frequency  blades  show  very  little 
stall  spikes  for  the  retreating  blade,  but  have  a  large  com¬ 
pression  load  (airfoil  nose  down)  for  the  advancing  blade. 

The  high-frequency  blade  pitch-link  load  continues  to  show  the 
retreating  blade  stall  spikes,  but  it  also  shows  a  large  com¬ 
pression  load  for  the  advancing  blade. 

The  3/rev  blade  pitch-link  load  waveforms  for  150  knots  and 
175  knots  are  given  in  Figure  37.  These  waveforms  are  at  the 
largest  blade  loading  for  which  a  stable  blade  solution  was  ob¬ 
tained;  increasing  the  blade  loading  by  the  next  increment  re¬ 
sulted  in  a  divergent  flight  condition.  This  instability 
occurs  at  lower  blade  loadings  as  the  airspeed  is  increased. 

The  last  stable  data  point  at  150  knots  is  at  a  blade  loading 
of  0.11,  while  the  last  point  at  175  knots  is  at  0.08.  As 
the  figure  shows,  these  pitch-link  load  waveforms  do  not  have 
the  large,  stall-induced  higher  harmonic  load  spikes  for  the 
retreating  blade.  However,  there  is  a  large  compression  load 
for  the  advancing  blade  at  90  degrees  blade  azimuth.  By  exam¬ 
ining  the  pitch-link  load  waveform  for  the  unstable  flight 
condition,  it  appears  that  the  blade  divergence  involves  a 
large  advancing  blade  compression  load  that  continually  in¬ 
creases  with  each  rotor  revolution. 

Figure  41  shows  that  the  advancing  blade  compression  load  in¬ 
creases  with  airspeed.  The  upper  figure  shows  the  load  wave¬ 
forms  for  a  blade  loading  of  0.11  at  airspeeds  of  125  knots  and 
150  knots.  This  25-knot  increase  resulted  in  a  2000-pound  com¬ 
pression  load  increase.  The  lower  figure  shows  the  effect  of 
increasing  airspeed  by  50  knots  at  a  low  blade  loading  condi¬ 
tion  (0.09).  As  shown,  the  advancing  blade  compression  load 
is  increased  by  2700  pounds  at  175  knots  even  though  the  blade 
loading  is  reduced  by  0.01.  Therefore,  the  3/rev  blade  is 
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Figure  37.  Typical  Stalled  Waveforms  for  the 
at  150  and  175  Knots. 
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Figure  38. 
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Typical  Stalled  Waveforms  for  the  4/Rev  Blade 
at  150  and  175  Knots. 
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Typical  Stalled  Waveforms  for  the  7/Rev  Blade  at 
150  and  175  Knots. 


Figure  40. 
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Figure  41.  Advancing  Blade  Compression  Load  Increases  With 
Airspeed  for  the  3/Rev  Blade. 
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extremely  limited  by  airspeed  and  is  probably  not  a  practical 
design  for  airspeeds  much  above  125  knots. 

Figure  38  illustrates  the  typical  stalled  pitch-link  load  wave¬ 
forms  for  the  4/rev  blade  at  150  knots  and  175  knots.  At  150 
knots  and  a  blade  loading  of  0.11,  the  load  waveform  is  very 
similar  to  the  125-knot  results  with  a  large  retreating  blade 
stall  spike  that  approximates  the  peak-to-peak  load  (compare 
with  the  waveform  at  the  bottom  of  Figure  33)  .  The  upper  half 
of  Figure  42  compares  the  125-knot  and  150-knot  waveforms  at 
a  lower  blade  loading  (0.10),  verifying  that  there  is  little 
change.  At  175  knots,  the  pitch-link  load  waveform  is  very 
similar  to  the  3/rev  blade;  the  retreating  blade  stall  spikes 
are  small,  and  the  major  feature  of  the  waveform  ,.s  an  advanc¬ 
ing  blade  compression  load  at  90  degrees  of  blade  azimuth. 

The  lower  half  of  Figure  42  shows  a  1000-pound  compression 
load  increase  due  to  increasing  the  airspeed  from  150  knots  to 
175  knots  at  a  blade  loading  of  0.10.  Figure  43  shows  a  3500 
pound  compression  load  increase  due  to  increasing  the  airspeed 
from  150  knots  to  175  knots  at  a  blade  loading  of  0.11.  This 
indicates  that  the  blade  is  experiencing  an  advancing  blade 
load  problem  similar  to  the  3/rev  blade,  but  at  significantly 
higher  airspeeds  and  blade  loadings. 

Typical  stalled  pitch-link  load  waveforms  for  the  basic  blade 
(torsional  natural  frequency  of  5.2/rev)  at  airspeeds  of  150 
knots  and  175  knots  are  given  in  Figure  39.  At  150  knots  the 
load  waveform  is  very  similar  to  a  typical  stall-induced  wave¬ 
form  at  125  knots  (see  the  upper  half  of  Figure  44) .  There 
are  large  stall-induced  spikes  on  the  retreating  blade  that 
determine  the  peak-to-peak  load.  At  175  knots  and  a  blade 
loading  of  0.09  (see  lower  half  of  Figure  39),  large  retreat¬ 
ing  blade  stall  spikes  are  present  but  no  longer  control  the 
peak-to-peak  load,  and  a  large  advancing  blade  compression 
load  is  also  observed.  Comparing  waveforms  at  150  knots  and 
175  knots  at  a  blade  loading  of  0.11  (lower  half  of  Figure  44), 
a  2200-pound  advancing  blade  compression  load  increase  occurs 
at  the  175-knot  condition,  along  with  a  stall  spike  reduction. 
Therefore,  the  5.2/rev  blade  also  experiences  an  advancing 
blade  load  problem  similar  to  the  3/rev  blade,  but  the  com¬ 
pression  load  for  this  blade  is  1200  pounds  smaller  than  the 
4/rev  blade  at  a  blade  loading  of  0.11. 

Figure  40  illustrates  the  typical  stalled  pitch-link  load  wave¬ 
form  for  the  7/rev  blade  at  150  knots  and  175  knots.  Both  the 
150-knot  and  175-knot  waveform  show  the  retreating  blade  stall 
spikes  with  some  indication  of  an  advancing  blade  compression 
load.  Figure  45  compares  waveforms  between  125  knots  and  150 
knots  (upper  half  of  figure)  and  between  150  knots  and  175 
knots  (lower  half  of  figure)  for  a  blade  loading  of  0.10.  Both 
comparisons  show  large  stall  spikes  and  no  essential  change 
in  the  waveform's  character.  Figure  46  compares  150-knot 
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Figure  42.  Waveform  Changes  With  Airspeed  for  the  4/Rev 
Blade  at  a  Blade  Loading  of  0.10. 
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Figure  45. 


Waveform  Change  With  Airspeed  for  the  7/Rev  Blade 
at  a  Blade  Loading  of  0.10. 
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figure  46.  Waveform  change  With  Airspeed  for  the  7/Rev  Blade 
y  at  a  Blade  Loading  of  0.11. 
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and  175-knot  waveforms  at  a  blade  loading  of  0.11,  and 
shows  a  1300-pound  advancing  blade  compression  load  increase 
at  175  knots.  This  is  900  pounds  less  than  the  load  increase 
experienced  by  the  5.2/rev  blade  at  the  same  flight  conditions. 

In  summary,  the  following  conclusions  can  be  made: 

1)  For  airspeeds  of  125  knots  and  150  knots,  large  stall- 
induced  retreating  blade  pitch-link  load  spikes  cause 
a  rapid  load  growth  with  increasing  blade  loading 
which  can  limit  the  aircraft  flight  envelope. 

2)  Stall  inception  occurs  at  lower  blade  loadings  as  the 
airspeed  is  increased  (see  Figure  47) . 

3)  Stall  inception  occurs  at  lower  blade  loadings  as  the 
blade  stiffness  is  increased  at  125  knots  and  150 
knots  (see  Figure  48) . 

4)  The  4/rev  blade  has  the  lowest  stall  loads  for  125 
knots  and  150  knots,  and  a  full-stall  waveform  with 
large  retreating  blade  spikes  does  not  develop  until 
a  blade  loading  of  0.11  or  beyond. 

5)  The  3/rev  blade  does  not  develop  a  full-stall  wave¬ 
form  with  large  retreating  blade  spikes  within  the 
flight  envelope  investigated,  but  it  does  become 
unstable  at  150  knots  and  175  knots. 

6)  The  3/rev  blade  instability  results  from  a  large  ad¬ 
vancing  blade  compression  load.  This  load  increases 
with  airspeed  and  blade  loading  and  becomes  divergent 
at  the  following  conditions: 


Airspeed  (knots)  Blade  Loading  (CT/o) 


150 

0.115 

175 

0.09 

7)  At  175  knots,  all  four  blade  pitch-link  load  waveforms 
show  a  significant  increase  of  the  advancing  blade 
compression  load. 


8)  The  7/rev  blade  has  the  lowest  advancing  blade  load 
growth,  as  shown  below: 
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7/Rev  Blade  Is  Stalled;  5.2/Rev  Blade  Is  Just  Below 
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Figure  48.  Stall  Inception  Occurs  Earlier  for  the  Stiffer 
Blades  at  125  and  150  Knots. 
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The  4/rev  blade  is  clearly  superior  for  125  knots  and  150  knots, 
where  large  stall-induced  spikes  dominate  the  waveform.  At 
175  knots,  a  large  advancing  blade  compression  load  begins  to 
grow  rapidly  as  blade  loading  increases.  At  this  airspeed, 
the  7/rev  blade  has  the  lowest  advancing  blade  load  growth. 
However,  for  blade  loadings  of  0.09  and  below,  the  4/rev  blade 
loads  are  about  the  same  as  the  5.2/rev  and  7/rev  blades. 
Therefore,  considering  the  whole  of  the  flight  envelope  inves¬ 
tigated  here,  the  4/rev  blade  represents  the  best  configuration, 
and  the  7/rev  blade  appears  to  be  the  best  above  175  knots. 


-Effect  of  Blade  Torsional  Frequency  on  Kotor  Performance 


Throughout  this  report,  the  objective  has  been  to  determine  the 
effect  of  blade  torsional  frequency  on  stall-induced  pitch-link 
loads.  However,  for  the  pitch-link  load  results  to  have  a 
practicable  application,  any  secondary  effects  associated  with 
torsional  frequency  change  should  be  identified.  The  most 
significant  secondary  effect  would  be  changes  in  ro  .or  perfor¬ 
mance.  This  study  hopes  to  lead  to  an  expansion  of  the  heli¬ 
copter  flight  envelope  by  reducing  the  large  stall  pitch-link 
loads  so  that  the  aircraft  will  be  power  limited  and  not  load 
limited.  If,  in  the  course  of  reducing  the  control  loads, 
reductions  in  the  performance  envelope  occur,  it  is  possible 
that  the  gain  from  extending  the  load  boundary  could  be  can¬ 
celled  by  loss  from  shrinking  the  performance  boundary. 


Figures  49  through  51  show  the  variation  of  rotor  power  with 
blade  loading  at  airspeeds  of  125  knots,  150  knots,  and  175 
knots  for  the  four  blades  studied.  Generally,  the  rotor  power 
increases  with  blade  loading  and  airspeed  for  all  blade  fre¬ 
quencies.  The  7/rev  blade  has  the  lowest  rotor  power,  with  the 
5.2/rev  blade  slightly  higher.  The  4/rev  blade  power  is  even 
higher,  with  the  difference  between  this  blade  and  the  5.2/rev 
blade  about  twice  as  large  as  the  difference  between  the  7/rev 
and  5.2/rev  blades.  In  addition,  the  power  difference  between 
the  7/rev  and  4/rev  blade  continually  increases  with  airspeed, 
as  shown  below: 
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Figure  50.  Variation  of  Rotor  Power  With  Blade  Loading  for 
an  Airspeed  of  150  Knots. 
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Nondimensional  Blade  Loading  -  CT/a 


Figure  51.  Variation  of  Rotor  Power  With  Blade  Loading  for 
an  Airspeed  of  175  Knots. 
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The  3/rev  blade  clearly  requires  the  most  power,  and  only  at 
125  knots  is  the  blade  within  1000  horsepower  of  the  7/rev 
rotor. 

The  horizontal  dashed  line  at  3000  horsepower  across  each  of 
the  figures  represents  an  estimate  of  the  available  rotor 
power  for  a  sea-level  standard  day.  Increasing  the  altitude 
to  5000  feet  reduces  the  power  by  600  horsepower. 

At  an  airspeed  of  125  knots  (Figure  49)  ,  all  the  blades  are 
below  the  power  limit,  but  the  3/rev  blade  is  just  below  at  a 
blade  loading  of  0.12.  There  is  less  than  300  horsepower 
difference  between  the  4/rev  and  7/rev  blade  throughout  this 
airspeed,  while  the  3/rev  blade  is  as  much  as  700  horsepower 
higher  than  the  4/rev  blade. 

At  150  knots  (Figure  50) ,  the  3/rev  blade  is  above  the  avail¬ 
able  power  from  a  blade  loading  of  0.09  and  above.  All  the 
blades  exceed  the  power  limit  at  0,115  blade  loading  and  are 
just  below  the  limit  (all  within  200  horsepower)  at  0.11. 

Again,  there  is  little  power  variation  (less  than  350  horse¬ 
power)  between  the  4/rev,  5.2/rev  and  7/rev  blades. 

At  175  knots  (Figure  51) ,  most  of  the  flight  conditions  exam¬ 
ined  exceed  the  power  limit.  The  4/rev  blade  exceeds  the 
power  limit  at  a  blade  loading  of  0.065,  the  5.2/rev  blade  at 
0.085,  and  the  7/rev  blade  at  0.0925.  The  7/rev  power  boundary 
is  a  blade  loading  of  0.0275  better  than  the  4/rev  blade  and 
clearly  represents  a  significant  power  savings.  From  these 
results  it  appears  that  the  7/rev  blade  is  clearly  superior  to 
the  others  at  this  airspeed.  However,  all  the  performance  data 
has  not  yet  been  presented. 

This  study  uses  single-rotor  trim  obtained  from  a  trim  analy¬ 
sis  using  an  articulated  rotor  with  rigid  blades.  The  analy¬ 
sis  gives  rotor  shaft  attitude,  cyclic  pitch,  rotor  trhrust, 
propulsive  force,  side  force,  and  hub  moments.  The  aeroelas- 
tic  rotor  analysis  used  for  this  study  (program  C-60)  requires 
a  to.  im  input  which  consists  of  shaft  attitude,  rotor  thrust, 
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and  cyclic  pi^.ch  as  input.  The  other  loads  (i.e.,  propulsive 
for^e,  side  fcrce,  and  hub  moments)  are  calculated  as  part  of 
the  analysis  and  are  not  independent  of  the  input.  Since  the 
trim  can  be  obtained  for  only  a  rigid  blade,  the  same  trim 
will  be  used  for  the  four  different  stiffness  rotors.  However, 
due  to  the  live  twist*  of  each  blade,  the  propulsive  force, 
side  force,  rotor  power,  and  hub  moments  will  be  different  for 
each  blade  torsional  frequency. 

Three  of  these  hub  load  components  (rotor  thrust,  propulsive 
force,  and  rotor  power  from  blade  torque)  are  essential  in 
determining  the  rotor  performance.  For  an  aircraft  to  fly  at 
a  given  gross  weight  and  airspeed,  the  rotor  must  develop  a 
specific  rotor  lift  to  balance  the  aircraft  weight  and  a  spe¬ 
cific  propulsive  force  to  balance  the  total  drag.  These  two 
forces,  rotor  lift  and  propulsive  force,  are  a  measure  of  the 
total  force  that  the  rotor  must  provide  to  remain  at  a  given 
flight  condition.  Therefore,  for  a  fair  comparison  of  rotor 
power,  the  propulsive  force  and  lift  of  the  rotors  to  be  com¬ 
pared  should  be  approximately  equal.** 

As  the  rotor  analysis  is  performed,  the  rotor  thrust  is  equal 
for  the  four  frequency  blades  at  each  flight  condition.  It 
remains  to  be  seen  how  well  the  propulsive  force  agrees. 

Figures  52  through  54  illustrate  the  variation  of  propulsive 
force  with  blade  loading  at  125  knots,  150  knots,  and  175 
knots  for  each  blade.  Generally,  the  propulsive  force  gener¬ 
ated  by  the  rotor  increases  as  the  airspeed  increases  and 
decreases  as  the  blade  stiffness  increases.  The  trim  analysis 
defines  a  constant  propulsive  force  at  each  airspeed,  having 
no  variation  with  blade  loading.  However,  due  to  elastic 
twist,  there  is  a  propulsive  force  reduction  as  the  blade  load¬ 
ing  increases  for  each  airspeed.  The  3/rev  blade  frequently 
violates  these  general  trends  and  will  be  excluded  from  the 
following  discussion,  since  it  is  not  a  practical  configura¬ 
tion  . 


*Live  blade  twist  is  the  elastic  pitch  deformation  of  the 
blade  caused  by  torsional  loads.  In  general,  the  distri¬ 
bution  of  blade  pitch  angle  along  the  span  is  the  sum  of 
the  built-in  twist,  the  live  twist,  collective  pitch,  and 
cyclic  pitch. 

**Strictly  speaking,  a  direct  power  comparison  should  not  be 
made  until  rotor  lift,  propulsive  force,  side  force,  rolling 
moment  and  pitching  moment  are  identical  for  both  rotors 
(i.e.,  hub  load  trim  is  maintained).  To  match  these  five 
loads  requires  iteration  of  collective  pitch,  cyclic  pitch, 
shaft  attitude,  and  sideslip  angle.  It  would  require  a 
large  number  of  cases  to  obtain  a  total  hub  load  match, 
making  this  approach  impractical. 
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The  4/rev  blade  generates  the  largest  propulsive  force  at  all 
flight  conditions.  The  propulsive  force  is  especially  large 
at  150  knots  for  a  blade  loading  of  0.09  and  0.10,  and  at  175 
knots  for  0.08  and  0.09.  Therefore,  the  4/rev  blade  requires 
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Nondimensional  Blade  Loading  -  CT/o 

Figure  52.  Variation  of  Propulsive  Force  With  Blade  Loading 
for  an  Airspeed  of  125  Knots. 


Nondimensional  Blade  Loading  -  C T/o 


Figure  54.  Variation  of  Propulsive  Force  With  Blade  Loading 
for  an  Airspeed  of  175  Knots. 


more  power  than  the  other  two  blades,  but  it  also  generates 
a  larger  propulsive  force.  To  properly  compare  rotor  power, 
the  propulsive  force  should  be  adjusted  so  that  only  rotors 
with  similar  thrust  and  propulsive  force  are  compared.  Pro¬ 
pulsive  force  matches  at  125  knots  and  175  knots  were  per¬ 
formed  to  evaluate  the  effect  on  required  rotor  power. 

At  125  knots,  the  3/rev,  4/rev  and  7/rev  cyclic  pitch  was  ad¬ 
justed  to  match  the  basic  blade  (5.2/rev)  propulsive  force. 
The  results  are  shown  in  the  table  below  for  a  blade  loading 
of  0.115: 


V  =  125  knots 

C»p/  o  —  0 . 

115 

Propulsive 

Rotor 

Pitch-Link 

Force 

Power 

Load 

Configuration 

(lb) 

(hp) 

(lb) 

Basic 

Blade  (5.2/rev) 

1159 

2312 

2478 

4/rev 

-  Basic  Run 

1605 

2505 

1766 

4/rev 

-  Adjusted  Cyclic 

1184 

2354 

1819 

7/rev 

-  Basic  Run 

1054 

2216 

3821 

7/rev 

-  Adjusted  Cyclic 

1150 

2211 

3163 

3/rev 

-  Basic  Run 

2981 

2776 

1737 

3/rev 

-  Adjusted  Cyclic 

Reasonable 

result  not  obtained 

The  table  shows  that  reducing  the  4/rev  propulsive  force  from 
160  5  pounds  to  1184  pounds  reduced  the  rotor  power  by  150 
horsepower  to  within  42  horsepower  of  the  basic  blade  power. 
Adjusting  the  7/rev  blade  propulsive  force  resulted  in  essen¬ 
tially  no  power  change.  Attempts  to  adjust  the  3/rev  blade 
propulsive  force  led  to  a  very  large  side  force  (i.e.,  two 
times  the  propulsive  force) .  When  the  side  force  was  adjusted, 
the  propulsive  force  dropped  further  and  the  rotor  power  in¬ 
creased.  Generally,  changes  in  the  3/rev  cyclic  pitch  fre¬ 
quently  resulted  in  unexpected  load  changes,  and  it  appears 
that  this  rotor  would  be  very  difficult  to  control. 

At  175  knots,  the  4/rev  blade  cyclic  pitch  was  adjusted  to 
match  the  7/rev  blade  propulsive  force  at  blade  loadings  of 
0.08  and  0.09.  For  both  cases  the  rotor  power  was  reduced, 
as  shown  in  the  *-able  below: 


89 


V  =  175  Knots  C  /o  =  0.08 


Configuration 

Propulsive 

Force 

(lb) 

Rotor 

Power 

(hp) 

Pitch-Link 

Load 

(lb) 

7/rev  - 

Basic  Run 

2709 

2812 

2194 

4/rev  - 

Basic  Run 

3454 

3292 

2210 

4/rev  - 

Adjusted  Cyclic 

2645 

2824 

2163 

V  =  175  Knots 

C  /o  =0.09 

7/rev  - 

Basic  Run 

2522 

2985 

2939 

4/rev  - 

Basic  Run 

3358 

3506 

2451 

4/rev  - 

Adjusted  Cyclic 

2504 

3054 

2528 

For  the  worst  case  (blade  loading  of  0.09),  the  propulsive 
force  was  within  18  pounds,  out  of  2522  pounds,  and  the  power 
for  the  4/rev  blade  was  69  horsepower  larger  than  the  7/rev 
blade  out  of  2985  horsepower  (i.e.,  2.2  percent  larger). 

It  should  be  pointed  out  here  that  the  propulsive  force/rotor 
power  trade-off  may  not  work  out  favorably  for  the  4/rev  blade 
at  blade  loadings  of  0.10  and  0.11  at  175  knots.  At  these 
flight  conditions,  the  4/rev  and  7/rev  propulsive  forces  are 
relatively  close  and  the  power  difference  is  relatively  large. 
However,  these  flight  conditions  may  not  be  practical  for 
either  frequency  blade,  due  to  the  strong  presence  of  rotor 
stall  and  the  large  required  power. 

In  addition  to  investigating  the  secondary  effects  on  perfor¬ 
mance,  changes  in  blade  and  hub  loads  should  also  be  reviewed. 
However,  these  load  effects  are  generally  not  as  important  as 
performance,  since  there  are  few  instances  where  the  flight 
envelope  is  actually  limited  by  these  loads.  In  addition,  to 
determine  the  effect  of  torsional  frequency  on  the  rotor  loads 
would  require  extensive  investigation  of  all  the  spanwise 
blade  load  distributions  plus  all  the  rotor  hub  load  components, 
which  is  beyond  the  scope  of  this  contract. 

In  summary,  the  following  conclusions  can  be  made: 

1)  A  match  of  rotor  thrust  and  propulsive  force  is 
required  before  a  power  comparison  can  be  made. 

2)  Reducing  rotor  propulsive  force  generally  reduces  the 
required  rotor  horsepower. 
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3)  When  the  thrust  and  propulsive  forces  are  matched,  the 
7/rev  and  4/rev  blades  require  approximately  the  same 
power.  Generally,  the  two  blades  are  nearly  equivalent 
at  175  knots  for  both  pitch-link  loads  and  performance. 

-Pitch-Link  Load  Variation  in  Hover 


In  addition  to  the  investigation  of  stall-induced  pitch-link 
loads  over  a  range  of  airspeeds,  a  limited  study  was  performed 
to  determine  the  effect  of  blade  torsional  frequency  on  stall- 
induced  pitch-link  loads  in  hover.  Stall  loads  are  strong 
functions  of  both  blade  loading  and  airspeed,  as  shown  in  the 
previous  results.  This  study  allows  stall-induced  pitch-link 
loads  to  be  obtained  with  one  major  contributor  to  the  loads 
eliminated;  namely,  advance  ratio. 

For  the  hover  conditions,  the  tangential  velocity  is  constant 
around  the  azimuth.  The  only  cyclic  angle-of-attack  variation 
results  from  a  1-degree  cyclic  pitch  and  an  induced  angle 
due  to  blade  flapping.  The  cyclic  pitch  was  needed  to  provide 
some  means  of  introducing  a  cyclic  load  variation.  If  this 
were  not  done,  the  analysis  would  predict  only  steady  loads. 

In  actual  hover  flight  or  whirl  tower  conditions  at  high  blade 
loadings,  cyclic  pitch  is  not  needed  to  obtain  vibratory  stall 
loads.  There  are  turbulences  in  the  air  that  would  introduce 
varying  angles  of  attack  and  eventually  trigger  cyclic  stall 
pitch-link  loads. 

Figure  55  shows  the  variation  of  hover  pitch-link  load  ampli¬ 
tude  with  torsional  frequency  for  blade  loadings  of  0.115  to 
0.18.  At  bxade  loadings  of  0.115  and  0.12,  the  pitch-link  load 
has  a  1/rev  waveform  with  an  amplitude  of  about  100  pounds. 
These  loads  are  probably  for  an  unstalled  condition,  since 
there  is  virtually  no  load  variation  with  blade  loading  or 
torsional  natural  frequency.  At  a  blade  loading  of  0.15,  the 
loads  increase  to  between  200  pounds  and  300  pounds,  with  the 
3/rev  and  4/rev  blades  having  the  lowest  load.  At  this  condi¬ 
tion,  the  rotor  power  is  around  4000  horsepower,  which  is  well 
beyond  the  available  rotor  power. 

At  a  blade  loading  of  0.165,  the  pitch-link  load  for  the  3/rev 
blade  increases  sharply  to  1000  pounds.  The  major  portion  of 
this  load  is  a  950-pound  8/rev  component.  Since  the  blade 
torsional  natural  frequency  is  3/rev,  it  was  surprising  to  ob¬ 
serve  that  there  was  little  3/rev  load  and  a  very  large  8/rev 
load.  Further  examination  revealed  that  the  blade  second  tor¬ 
sional  natural  frequency  is  nearly  exactly  8/rev,  thereby  ex¬ 
plaining  the  source  of  the  large  load.  it  is  not  known  why 
the  torsionally  soft  blade  prefers  to  oscillate  in  its  second 
mode,  and  further  investigation  is  necessary. 
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The  4/rev  blade,  at  the  same  flight  condition,  has  a  pitch- 
link  load  of  340  pounds,  which  is  the  lowest  of  the  four 
blades.  The  5.2/rev  and  7/rev  blades  had  approximately  the 
same  load  at  about  400  pounds.  The  required  rotor  power  for 
all  blades  is  approximately  5000  horsepower,  which  is  66  per¬ 
cent  larger  than  the  available  rotor  power.  Since  the  re¬ 
quired  power  is  so  high,  results  at  this  blade  loading  (0.165), 
and  above,  probably  have  no  practical  application. 

At  a  blade  loading  of  0.18,  the  3/rev  blade  pitch-link  load 
increases  to  4500  pounds,  with  the  8/rev  component  again  pro¬ 
viding  the  largest  load.  The  4/rev  blade  also  shows  a  large 
load  increase,  reaching  a  load  of  about  4000  pounds.  However, 
the  large  load  on  this  blade  yields  large  torsional  oscilla¬ 
tions  at  the  first  torsional  natural  frequency  (3600  pounds  at 
4/rev).  The  5.2/rev  blade  has  a  load  of  650  pounds  and  the 
7/rev  blade  load  is  540  pounds.  At  this  condition  the  loads 
reduce  with  increasing  torsional  frequency.  The  required 
rotor  power  for  this  flight  condition  is  over  twice  the  avail¬ 
able  power,  indicating  that  rotor  stall  is  spreading  over  a 
larger  portion  of  the  blade. 

Up  to  a  blade  loading  of  0.165,  the  lower  the  blade  torsional 
frequency,  the  lower  the  required  rotor  power.  At  a  blade 
loading  of  0.12,  the  3/rev  blade  required  about  100  horseDower 
less  than  the  7/rev  blade;  at  0.15,  it  requires  250  horsepower 
less.  However,  at  a  blade  loading  of  0.165,  the  3/iev  blade 
requires  the  highest  power,  300  horsepower  greater  than  the 
4/rev  blade.  At  0.1C,  both  the  3/rev  and  4/rev  blades  re¬ 
quired  rotor  power  is  50  percent  larger  than  the  7/rev  blade 
required  power. 

To  summarize,  the  following  conclusions  can  be  made; 

1)  The  4/rev  blade  has  the  lowest  stall-induced  pitch- 
link  loads  up  tnrough  a  blade  loading  of  0.165. 

2)  At  a  blade  loading  of  0.18,  both  the  3/rev  and  4/rev 
blades  become  deeply  stalled  and  have  extremely 
large  control  loads.  However,  this  flight  condition 
probably  has  no  practical  application,  since  the  re¬ 
quired  rotor  power  is  more  than  three  times  the  avail¬ 
able  power. 

Analytical  Results  for  Additional  Effects 
The  previous  two  sections  have; 

1)  established  the  ability  of  the  ae^oelastic  rotor  analy¬ 
sis  to  predict  stall-induced  pitch-link  loads 
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2) 


determired  the  effect  of  blades  with  four  different 
torsional  natural  frequencies  on  stall-induced  pitch- 
link  loads  over  a  range  of  advance  ratios  and  blade 
loadings 

This  section  will  further  investigate  the  variation  of  stall- 
induced  control  loads  by  evaluating  the  effect  of  blade  pitch 
inertia,  control  system  stiffness,  torsional  frequency  (above 
7/rev),  blade  twist,  and  cyclic  pitch.  This  additional  study 
was  performed  to  determine  if  other  means  for  reducing  the 
stal1 -induced  pitch-link  loads  can  be  found. 

-Control  Load  Trend  With  Blade  Torsional  Frequencies  up  to 
1 7/ Rev -  - 3 -  - 


In  the  previous  section  the  relationship  between  pitch-link 
load  amplitude  and  torsional  natural  frequency  was  examined  for 
blades  with  frequencies  between  3/rev  and  7/rev  for  an  exten¬ 
sive  matrix  of  flight  conditions.  In  order  to  more  fully  de¬ 
scribe  the  overall  relationship  with  frequency,  five  stalled 
flight  conditions  were  studied  for  frequencies  between  7/rev 
and  12/ rev. 

Due  to  the  flexibility  of  the  control  system,  obtaining  fre¬ 
quencies  above  7.25/rev  by  simply  increasing  the  torsional 
stiffness  was  not  possible.  The  maximum  frequency  obtained  by 
increasing  the  torsional  stiffness  is  7.25/rev.  Even  if  the 
blade  flexibility  were  increased  to  infinity,  the  blade  would 
vibrate  as  a  rigid  body  under  the  act '.on  of  the  elasticity 
inherent  in  the  control  system.  In  order  to  obtain  frequencies 
above  7  25/rev,  the  control  system  stiffness  was  made  infinite. 
T) is  enabled  frequencies  of  7/rev,  8/rev,  2/rev,  10/rev,  11/rev 
am  12/rev  to  be  obtained  by  increasing  the  torsional  stiffness 
by  factors  of  1.38,  1.82,  2.3,  2.8,  3.38  and  4.0,  respectively. 
The  7/rev  frequency  was  repeated  using  the  infinitely  stiff 
control  system  stiffness  in  order  to  provide  a  direct  compari¬ 
son  with  the  previous  finite  control  stiffness  results. 

Figure  55  shows  the  results  obtained  for  the  125-knot  flight 
condition  at  0.11  blade  loading.  Pitch-link  load  amplitude 
increa5.es  rapidly  with  natural  frequency  from  about  1500 
pounds  at  4/rev  to  a  maximum  4900  pounds  at  8/rev.  Above 
8/rev,  the  pitch-link  amplitude  decreases  to  1400  pounds  at 
12/rev.  At  the  7/rev  frequency,  the  infinite  stiff  control 
system  (with  a  1.38  factor  applied  to  the  torsional  stiffness) 
lead  to  a  reduction  in  pitch-link  load  from  4550  pounds  to  4150 
pounds  compared  to  the  flexible  control  system  results  (with  a 
3."  factor  applied  to  the  torsional  stiffness). 

Figure  57  illustrates  the  relationship  between  pitch-link  load 
amplitude  and  natural  frequency  for  an  aft  rotor  of  a  tendem 
helicopter  at  a  flight  condition  of  173  knots  and  a  blade 
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Figure  56.  Variation  of  Pitch-Link  Load  Amplitude  With 
Torsional  Natural  Frequency  at  125  Knots, 
for  Two  Different  Control  Stiffnesses. 
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Figure  57.  Variation  of  Pitch-Link  Load  Amplitude  With 
Torsional  Natural  Frequency  at  123  Knots. 
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loading  of  0.114  (from  Reference  1  results) .  The  figure  shows 
pitch-link  loads  for  both  nominal  (11,850  pounds/inch)  and  an 
infinite  control  system  stiffness. 

These  loads  agree  very  well  with  the  single-rotor  results  at 
125  knots  and  a  blade  loading  of  0.11  even  though  the  airspeed, 
blade  loading,  and  trim  are  different.  The  tandem  rotor,  at 
the  nominal  control  system  stiffness,  exhibits  a  slightly 
deeper  load  bucket  near  4/rev  and  a  dip  in  the  pitch-lin)  load 
amplitude  near  7/rev  which  is  not  evident  in  the  single-rotor 
results.  The  infinite  control  system  stiffness  load  trends 
agree  very  well  for  both  the  tandem  and  single  rotor.  It  is 

clear  from  these  results  that  there  is  a  very  significant  and 

consistent  trend  of  torsional  load  with  frequency  for  the  125- 
knot  f  ight  condition. 

At  15C  knots,  the  extended  frequency  analysis  was  performed  at 
blade  loadings  of  0.1,  0.11  and  0.115.  The  results  are  shown 
in  Figure  58.  Generally,  there  is  little  variation  witn  tor¬ 
sional  natural  frequency  at  150  knots.  Ignoring  the  3/rev 
blade  instability,  there  is  only  1600  pounds  difference  be¬ 
tween  the  maximum  and  minimum  load  (there  is  a  3400  pound 

difference  at  125  knots) .  At  4/rev  there  is  a  pronounced  load 

bucket  at  blade  loadings  of  0.11  and  0.115.  At  7/rev,  reduc¬ 
ing  the  blade  torsional  stiffness  and  assuming  an  infinitely 
stiff  control  system  reduced  the  pitch-link  load  by  1300  pounds 
at  0.115  blade  loading  and  900  pounds  at  0.11  blade  loading, 
but  there  was  no  change  at  0.10  blade  loading. 

Since  increasing  control  system  stiffness  shows  promise  as  a 
method  of  reducing  control  loads  for  the  7/rev  blade,  the  same 
procedure  was  used  for  a  4/rev  blade.  The  solid  triangular 
symbol  at  4/rev  on  Figure  58  indicates  the  pitch-link  load  am¬ 
plitude  obtained  for  an  infinitely  stiff  control  system.  This 
reduces  the  pitch-link  load  amplitude  by  about  150  pounds. 

This  lesult,  along  with  similar  results  in  the  next  section, 
establishes  the  feasibility  of  usim_  increased  control  system 
stiffness  with  a  corresponding  reduced  torsional  stiffness 
(to  keep  frequency  constant)  as  a  method  for  reducing  control 
loads . 

Figure  59  illustrates  the  variation  of  pitch-link  load  ampli¬ 
tude  with  natural  frequency  for  the  175-knot  flight  condition 
at  a  blade  loading  of  0.09.  As  expected,  the  3/rev  blade  be¬ 
comes  totally  unstable  at  this  high  speed.  There  is  a  load 
bucket  at  4/rev  and  a  load  peak  near  8/rev.  The  overall  effect 
of  natural  frequency  on  pitch-link  load  amplitude  is  about  the 
same  as  at  150  knots. 

To  summarize,  the  following  conclusions  may  be  drawn  from  the 
extended  frequency  trends: 
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Figure  59.  Variation  of  Pitch-Link  Load  Amplitude  With 
Torsional  Natural  Frequency  at  175  Knots. 
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1)  At  12-.  knots  there  is  a  strong  relationship  between 
pitch-link  load  amplitude  and  torsional  natural  fre¬ 
quency.  There  is  a  load  bucket  near  4/rev  and  a  load 
peak  near  8/rev. 

2)  The  effect  of  natural  frequency  on  pitch-link  load  is 
much  less  pronounced  at  the  150-knot  and  175-knot  air¬ 
speeds.  At  both  airspeeds  the  trend  is  characterized 
by  a  load  bucket  at  4/rev  and  a  load  peak  near  8/rev 
or  9/rev. 

3)  A  reduction  in  control  load  amplitude  may  be  possible 
at  a  given  frequency  by  increasing  the  control  syscem 
stiffness  and  reducing  the  blade  torsional  stiffness. 

-Other  Methods  of  Varying  Torsional  Natural  Frequency 

In  previous  sections,  torsional  natural  frequency  was  varied  by 
changing  the  blade  torsional  stiffness  distribution.  This  sec¬ 
tion  investigates  other  methods  of  changing  torsional  frequency. 
The  resulting  pitch-link  load  variations  with  frequency  were 
then  compared  with  loads  obtained  by  changing  torsional  stiff¬ 
ness. 

To  perform  this  study,  frequency  changes  were  made  using  two 
methods:  changes  in  control  system  stiffness  and  changes  in 

blade  pitch  inertia.  Using  the  basic  CH-47C  blade  as  a  base¬ 
line,  torsional  natural  frequencies  (5.2/rev)  were  varied  from 
3/rev  to  6/rev  at  125  knots  by  changing  the  control  system 
stiffness.  A  control  system  stiffness  of  1650  pounds/inch  gen¬ 
erated  a  frequency  of  3/rev;  11,850  pounds/inch  was  used  for 
the  basic  blade  (torsional  natural  frequency  =  5.2/rev);  and  an 
infinite  stiffness  produced  a  6/rev  frequency. 

Frequency  variation  due  to  pitch  inertia  changes  are  divided 
into  two  regions  above  and  below  7/rev:  frequencies  below 
7/rev  were  obtained  by  scaling  the  blade  pitch  inertia  distri¬ 
bution  while  holding  all  other  blade  properties  at  their  nom¬ 
inal  values  (i.e.,  basic  blade  values);  frequencies  of  3,  4 
and  7/rev  were  obtained  by  scaling  the  pitch  inertia  by  fac¬ 
tors  of  3.08.  1.7  and  0.55,  respectively.  Frequencies  above 
7/rev  were  obtained  by  assuming  an  infinitely  stiff  control 
system  and  scaling  the  pitch  inertia.  The  control  system  was 
made  infinite  because  unrealistically  small  inertias  would 
have  been  necessary  if  the  nominal  control  system  stiffness 
was  used.  Frequencies  of  7/rev,  8/rev,  9/rev,  10/rev,  11/rev 
and  12/rev  were  obtained  by  using  factors  of  0.75,  0.56,  0.44, 
0.36,  0.3  and  0.26  with  an  infinitely  stiff  control  system. 

The  7/rev  frequency  was  repeated  using  the  infinite  control 
system  stiffness  in  order  to  provide  a  direct  comparison  with 
the  finite  control  system  stiffness  results. 
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Figure  60  shows  the  relationship  between  pitch-link  load  ampli¬ 
tude  and  torsional  frequency  (3/rev  to  7/rev)  at  an  airspeed  of 
125  knots  and  a  blade  loading  of  0.115  for  the  three  methods 
of  varying  frequency.  The  solid  line  indicates  changes  in  the 
torsional  stiffness;  the  dashed  line  indicates  changes  in  con¬ 
trol  system  stiffness;  and  the  dot-dash  line  shows  the  effect 
of  pitch  inertia  changes.  Each  method  of  varying  frequency 
produces  approximately  the  same  trend  of  pitch-link  load  am¬ 
plitude  with  frequency.  The  maximum  variation  between  methods 
occurs  at  4/rev  and  is  approximately  .U'00  pounds.  The  pitch 
inertia  and  control  system  stiffness  variations  led  to  higher 
loads  than  the  orsional  stiffness  variation  below  5.2/rev  and 
lower  loads  above  5  2/rev. 

When  a  frequency  of  4/rev  was  generated  by  reducing  the  control 
system  stiffness,  the  pitch-link  load  amplitude  was  2150 
pounds  (triangular  symbol).  When  the  frequency  was  obtained 
by  reducing  the  torsional  stiffness,  the  load  is  reduced  to 
1750  pounds  (circular  symbol) .  This  result  is  significant, 
since  it  supports  the  conclusion  made  in  the  previous  section; 
i.e.,  that  the  control  load  can  be  reduced  at  a  given  torsion¬ 
al  frequency  by  increasing  the  control  system  stiffness  and 
compensating  for  this  change  by  reducing  blade  torsional  stiff¬ 
ness. 

Figure  61  illustrates  the  relationship  between  pitch-link  load 
amplitude  and  natural  frequency  for  an  aft  rotor  of  a  tandem 
helicopter  at  a  flight  condition  of  123  knots  at  a  blade  load¬ 
ing  of  0.114  ( f rom  Reference  1  results).  For  these  analytical 
results,  tors  onal  frequency  was  varied  by  changing  torsional 
stiffness,  pi _ch  inertia,  and  control  system  stiffness.  Com¬ 
paring  these  tandem-rotor  results  with  the  single-rotor  re¬ 
sults  of  Figure  60  shows  that  both  sets  of  loads  show  the  same 
general  trend  with  frequency,  even  though  there  are  differences 
in  the  flight  condition  and  the  methods  of  varying  frequency. 
Disregarding  the  large  load  variation  at  3/rev  for  the  tandem 
rotor,  both  sets  of  results  show  about  a  1000-pound  maximum 
variation  at  a  given  frequency. 

Figures  62  and  63  illustrate  the  variation  of  pitch-link  load 
amplitude  with  natural  frequency  at  the  150-knot  airspeed  and 
blade  loadings  of  0.115  and  0.11,  respectively.  The  results 
of  each  method  of  varying  frequency  generally  confirm  that 
pitch-link  load  amplitude  is  less  sensitive  to  natural  fre¬ 
quency  at  150  knots  than  at  125  knots.  The  results  of  the 
torsional  stiffness  variations  at  the  two  flight  conditions 
are  very  similar  (neglecting  the  3/rev  blade) .  Both  exhibit 
a  load  bucket  at  4/rev  and  a  load  peak  near  9/rev.  The 
results  of  the  pitch  inertia  variations  at  both  flight  condi¬ 
tions  yield  similar  trends  with  frequency.  It  should  be  noted 
that  when  the  torsional  stiffness  variation  peaks  at  9/rev, 
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Figure  63.  Variation  of  Pitch-Link  Load  Amplitude  With  Natural 
Frequency  at  150  Knots  and  0.115  Blade  Loading. 


the  pitch  inertia  variation  shows  a  slight  dip  in  pitch-link 
load . 

For  both  flight  conditions,  the  variation  in  pitch-link  load 
amplitude  from  one  method  of  changing  frequency  to  anoM  or  is 
about  1000  pounds,  which  is  in  good  agreement  with  the  results 
obtained  at  125  knots.  This  1000-pound  variation  at  a  c  ven 
frequency  is  comparable  to  the  total  variation  over  the  ange 
of  frequencies.  Therefore,  at  150  knots,  the  method  of  gener¬ 
ating  a  frequency  is  as  important  as  the  frequency  obtained. 

The  figures  show  that  variations  in  torsional  stiffness  lead 
to  larger  changes  in  pitch-link  loads  than  do  changes  in  con¬ 
trol  system  stiffness  or  pitch  inertia.  This  result  was  also 
observed  at  the  125-knot  flight  condition.  This  is  partiju- 
larly  true  for  frequencies  between  4/rev  and  7/rev,  where  pitch 
inertia  and  control  system  stiffness  variations  also  produce 
very  small  changes  in  pitch-link  load  amplitudes. 

To  summarize: 

1)  Changes  in  torsional  stiffness  are  more  effective  in 
producing  changes  in  pitch-link  load  amplitudes  than 
changes  in  pitch  inertia  and  control  system  stiffness. 

2)  At  125  knots,  changes  in  torsional  stiffness,  control 
system  stiffness,  and  pitch  inertia  lead  to  large 
changes  in  the  pitch-link  load  with  torsional  natural 
frequency.  At  150  knots,  all  th'»  pitch-link  load 
changes  with  torsional  natural  frequency  are  small 
(neglecting  the  3/rev  blade  results) . 

3)  The  effect  of  torsional  natural  frequency  at  125  knots 
is  larger  than  the  variation  obtained  between  the 
different  methods  used  to  generate  the  frequencies. 

At  150  knots,  the  variation  in  pitch-link  load  ampli¬ 
tudes  at  a  given  frequency  is  as  large  as  the  variation 
with  frequency. 

4)  Neglecting  the  3/rev  results,  the  maximum  control 
loads  occur  near  9/rev  and  minimum  control  loads  occur 
at  4/rev. 

5)  Reductions  in  control  load  magnitude  at  a  given  fre¬ 
quency  are  possible  by  simultaneously  increasing  the 
control  system  stiffness  and  reducing  the  torsional 
stiffness  (i.e.,  by  obtaining  more  elastic  pitch 
deflection  as  blade  live  twist  and  less  as  blade  pitch 
due  to  control  system  deflection)  . 


The  effects  of  blade  twist  on  stall-induced  control  loads 
were  studied  by  changing  the  nominal  9-degree  linear  blade 
twist.  This  was  done  for  blades  having  torsional  natural  fre¬ 
quencies  of  3/rev,  ','.jv,  5.2/rev  and  7/rev  at  an  airspeed  of 
125  knots  fcr  a  blade  loading  of  0.115. 

Figure  64  compares  the  trend  of  pitch-link  load  amplitude  with 
natural  frequency  for  each  blade  twist.  Generally,  each  blade 
twist  produces  a  trend  of  increasing  pitch-link  load  amplitude 
with  increasing  natural  frequency.  The  blades  with  9  degrees 
and  12  degrees  of  twist  have  nearly  the  same  load  growth  rate 
with  increasing  frequency  up  to  a  frequency  of  about  5.2/rev; 
above  5.2/rev,  the  blade  with  12  degrees  of  twist  has  almost 
no  load  growth.  The  blade  with  6  degrees  of  twist  is  insen¬ 
sitive  to  natural  frequency  changes  for  frequencies  up  to 
5.2/rev.  Above  5.2/rev,  the  load  growth  rate  increases  and  is 
nearly  the  same  as  that  of  the  standard  9-degree  twist  blade. 

The  figure  also  shows  that  at  3/rev,  blade  twist  has  almost 
no  effect  on  the  pitch-link  load  amplitude,  while  at  7/rev 
there  is  almost  a  1000-pound  load  change.  This  may  be  due  to 
the  3/rev  blade's  large  live  twist  which  allows  the  blade  to 
elastically  deform  to  nearly  the  same  shape  regardless  of  the 
built-in  twist.  On  the  other  hand,  the  7/rev  blade  is  over 
13  times  stiffer  in  torsion  than  the  3/rev  blade  (torsional 
stiffness  scaling  factors  of  0.25  and  3.3  respectively)  and 
elastically  deflects  to  a  much  lesser  extent.  Since  the  live 
twist  is  small,  the  built-in  twist  has  a  direct  influence  on 
the  pitch  angle  distribution.  Therefore,  changes  in  built-in 
blade  twist  alter  the  pitch  angle  distribution  resulting  in 
pitch-1 i  k  load  changes. 

For  the  blade  frequencies  examined,  no  one  blade  twist  produces 
control  loads  which  are  either  consistently  higher  or  lower 
than  any  other.  For  example,  the  12-degree  blade  twist  pro¬ 
duces  the  smallest  pitch-link  load  at  3/rev  and  7/rev;  the 
highest  load  at  5.2/rev;  and  the  median  load  at  4/rev.  There¬ 
fore,  pitch-link  load  amplitude  appears  to  be  a  function  of 
both  blade  twist  and  torsional  frequency. 
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Figure  64.  Variation  of  Pitch-Link  Load  Amplitude  With 

Natural  Frequency  at  125  Knots  and  0.115  Blade 
Loading  for  Blades  of  Various  Twists. 


In  order  to  gain  a  better  understanding  of  the  effects  of  blade 
twist,  additional  flight  conditions  must  be  investigated,  and 
the  effects  of  blade  twist  on  propulsive  force  and  rotor  power 
must  be  considered. 

-Effect  of  Cyclic  Pitch  On  Control  Loads 

One  of  the  objectives  of  this  study  is  to  determine  the  effect 
of  cyclic  pitch  on  stall-induced  control  loads.  Since  stall 
is  a  function  of  the  airfoil  angle  of  attack,  it  is  hoped  that 
changes  in  cyclic  pitch  will  result  in  a  pitch-link  load  re¬ 
duction.  However,  cyclic  pitch  changes  by  themselves  are  not 
meaningful  since  the  rotor  trim  will  not  be  maintained.  If  a 
cyclic  pitch  change  reduces  the  control  load  along  with  a  re¬ 
duced  propulsive  force,  the  result  is  not  useful  since  the 
rotor  would  not  be  able  to  overcome  the  fuselage  drag,  unless 
an  auxiliary  propulsive  force  is  used. 

Therefore,  this  study  will  consider  two  separate  changes. 

First,  the  cyclic  pitch  will  be  independently  varied  plus  and 
minus  2  degrees  for  both  longitudinal  and  lateral  cyclic. 

This  will  result  in  changes  to  both  pitch-link  load  and  rotor 
trim  loads.  Next,  the  rotor  shaft  tilt  will  be  varied  to 
bring  the  rotor  propulsive  force  back  to  trim.  The  aim  of 
this  procedure  is  to  determine  if  changes  in  cyclic  pitch, 
with  compensatory  changes  in  shaft  tilt  to  maintain  the  rotor 
trim,  would  reduce  the  pitch-link  loads. 

Figures  65  through  67  illustrate  the  variation  of  pitch-link 
load,  propulsive  force,  side  force,  and  rotor  power  for  plus 
and  minus  2-degree  changes  in  longitudinal  and  lateral 
cyclic  pitch  at  150  knots  for  a  blade  loading  of  0.115.  No 
3/rev  blade  results  are  shown,  since  this  blade  was  divergent 
for  all  the  cyclic  pitch  variations.  The  upper  half  of  the 
figures  illustrates  the  effect  of  lateral  cyclic  (0^c)  for  the 
4/rev,  5.2/rev  and  7/rev  blades.  Negative  lateral  cyclic 
always  reduced  the  pitch-link  loads,  and  positive  lateral  cyclic 
always  increased  the  load.  However,  the  maximum  load  reduction 
was  only  185  pounds  out  of  2100  pounds  for  the  4/rev  blade. 

In  addition  to  reducing  pitch-link  loads,  negative  lateral 
cyclic  pitch  slightly  reduces  propulsive  force  and  rotor  power 
while  causing  a  large  change  in  side  force.  The  side  force 
change  for  the  5.2/rev  blade  is  from  489  pounds  to  1542  pounds, 
which  is  over  1000  pounds  more  side  force  than  is  needed  for 
aircraft  trim.  Since  longitudinal  cyclic  and  rotor  shaft  tilt 
have  little  effect  on  side  force,  it  would  be  necessary  to 
introduce  aircraft  sideslip  and  steady  roll  angle  to  bring 
the  aircraft  back  to  trim.  Therefore,  since  the  pitch-link 
load  reduction  is  small  and  since  an  extensive  trim  match  in¬ 
vestigation  is  beyond  the  scope  of  this  study,  changes  in 
lateral  cyclic  will  not  be  pursued  further. 
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Figure  65.  Effect  of  Cyclic  Pitch  Change  for  the  4/Rev 

Blade  at  150  Knots  for  a  Blade  Loading  of  0.115. 
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Figure  67.  Effect  of  Cyclic  Fitch  Change  for  the  7/Rev 

Blade  at  150  Knots  for  a  Blade  Loading  of  0.11 
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The  bottom  half  of  Figures  65  through  67  illustrate  the  varia¬ 
tion  of  longitudinal  cyclic  (6^c).  Changing  the  longitudinal 
cyclic  pitch  from  -3.6  degrees  to  +0.4  degree  (the  basic  trim 
is  -l.t  degrees)  produces  little  change  for  the  4/rev  blade 
pitch-link  load,  reduces  the  5.2/rev  blade  pitch-link  load  by 
1000  pounds,  and  increases  the  pitch-link  load  by  1200  pounds 
for  the  7/rev  blade.  For  each  blade,  there  is  a  correspond¬ 
ingly  large  reduction  of  propulsive  force  (over  1500  pounds  for 
the  5.2/rev  blade)  and  rotor  power*,  causing  a  significant 
change  in  the  rotor  trim.  Therefore,  the  changes  in  pitch-link 
load  are  not  meaningful,  since  the  rotor  is  not  trimmed  and 
the  results  do  not  represent  a  single-main-rotor  aircraft 
(unless  an  auxiliary  propulsive  system  is  used). 

The  0.4-degree  longitudinal  cyclic  pitch  (i.e.,  a  2-degree  in¬ 
crease  over  the  basic  cyclic  pitch)  was  chosen  to  perform  a 
propulsive  force  match  by  changing  the  rotor  shaft  tilt.  This 
configuration  was  chosen  since  it  produced  a  pitch-link  load 
reduction  for  the  basic  blade  (torsional  frequency  of  5.2/rev). 
The  2-deqree  decrease  in  longitudinal  cyclic  pitch  produced  a 
pitch-link  load  decrease  for  the  7/rev  blade.  Either  cyclic 
change  could  have  been  used  for  the  trim  match,  but  the  2- 
degree  increase  was  selected  since  it  was  hoped  that  this 
would  reduce  the  basic  blade  loads. 

Figure  68  shows  the  effect  of  reducing  the  rotor  angle  of 
attack  from  -11.5  degrees  to  -13.5  degrees  by  changing  the 
rotor  shaft  tilt  for  a  longitudinal  cyclic  of  +0.4  degree. 

This  change  brings  the  propulsive  force  to  within  250  pounds  of 
the  2250  pounds  required  for  trim.  For  all  three  blades,  this 
revised  cyclic  pitch  and  shaft  tilt  increased  the  stall-induced 
pitch-link  loads.  The  increase  is  450  pounds  for  the  4/rev 
blade  (a  21-percent  increase),  300  pounds  for  the  5.2/rev 
blade  (an  11-percent  increase),  and  450  pounds  for  the  7/rev 
blade  (a  13-percent  increase)  .  Since  increasing  longitudinal 
cyclic  by  2  degrees  and  reducing  the  shaft  angle  by  2  degrees 
increase  the  pitch-link  load,  it  is  possible  that  reducing 
the  cyclic  pitch  by  2  degrees  and  increasing  the  shaft  angle 
by  2  degrees  may  reduce  the  pitch-link  load  for  all  three 
blades . 

In  conclusion,  this  study  shows  that: 

1)  Lateral  cyclic  has  a  small  effect  on  pitch-link  load 
and  propulsive  force,  but  has  a  large  effect  on  rotor 
side  force. 


*The  observed  reduction  of  rotor  power  along  with  a  reduction 
in  propulsive  force  reinforces  the  results  obtained  in  the 
section  on  performance. 
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Figure  68.  Effect  of  Changing  cyclic  Pitch  and  Rotor  Shaft 

Tilt  on  Pitch-Link  Load  for  a  constant  Propulsive 
Force . 


2)  Longitudinal  cyclic  has  a  large  effect  on  pitch-link 
loads  and  rotor  propulsive  force. 

3)  Changing  the  rotor  longitudinal  cyclic  pitch  ard  shaft 
tilt  while  maintaining  an  approximate  trim  does  change 
the  stall  pitch-link  load.  An  expansion  of  this  study 
may  determine  a  new  cyclic  pitch-shaft  tilt  combina¬ 
tion  that  will  reduce  the  pitch-link  loads. 

CONTROL  LOAD  PREDICTION  WITH  A  FULLY  COUPLED  ROTOR  ANALYSIS 

The  section  entitled  EFFECTS  OF  TORSIONAL  NATURAL  FREQUENCY 
ON  STALL-INDUCED  DYNAMIC  LOADS  presented  analytical  trends  of 
pitch-link  load  amplitude  with  blade  torsional  natural  fre¬ 
quency  for  a  wide  range  of  flight  conditions.  Also  presented 
were  the  effects  of  various  blade  and  trim  parameters  on  the 
relationship  between  control  loads  and  torsional  natural  fre¬ 
quency  . 

These  results  were  obtained  by  using  the  aeroelastic  rotor 
analysis  (program  C-60) .  This  program  (described  in  Appendix 
I)  is  essentially  a  coupled  flap-pitch  dynamic  response  analy¬ 
sis  linked  to  an  airloads  analysis  by  means  of  an  iterative 
procedure.  An  approximation  for  the  flap-lag-pitch  coupling 
is  provided  in  the  program,  but  the  lag  degree  ol  freedom  is 
not  fully  coupled  into  the  blade  response  calculations. 

However,  an  approximate  coupling  of  the  lag  blade  response 
with  the  coupled  flap-pitch  blade  response  may  not  be  adequate 
for  obtaining  stalled  pitch-link  loads*.  A  fully  coupled 
flap-lag-pitch  analysis  would  properly  account  for  the  torsion¬ 
al  load  due  to  inplane  loads  times  flap  deflection  and  verti¬ 
cal  loads  times  the  lag  deflection. 

A  fully  coupled  flap-lag-pitch  rotor  analysis  (program  c-70) 
has  been  recently  developed  by  the  Boeing  Vertol  Company  under 
contract  with  the  Air  Force  (Reference  5)  to  model  prop  rotors. 
This  program  links  the  same  aerodynamic  loads  analysis  as  used 
on  program  C-60  to  a  fully  coupled  blade  response  analysis. 


*The  section  entitled  CORRELATION  OF  MODEL  TEST  DATA  showed 
that,  when  the  complete  effects  of  the  lag  degree  of  freedom 
were  added  to  the  last  iteration  control  loads,  a  significant 
improvement  in  the  correlation  was  realized,  even  though  the 
program  did  not  iterate  on  these  effects. 
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This  response  analysis  also  accounts  for  variable  shear  center 
location,  variable  vertical  neutral  axis  location,  and  large 
blade  twist.  However,  providing  full  coupling  greatly  in¬ 
creased  the  program  running  time,  so  the  running  time  of  pro¬ 
gram  C-70  is  approximately  five  times  that  of  program  C-60. 

Due  to  the  large  running  time,  the  C-70  program  was  not  used 
to  investigate  the  large  number  of  flight  conditions  covered 
on  the  previous  sections.  However,  it  was  planned  to  use  the 
C-70  program  to  spot-check  the  C-60  results. 

In  order  to  establish  the  reliability  of  the  C-70,  a  correla¬ 
tion  was  performed  with  the  standard  reference  blade  wind 
tunnel  model  data. 


Figure  69  compares  the  measured  data  and  the  C-70  predictions 
of  blade  torsion  amplitude  for  four  different  blade  loadings 
at  an  airspeed  of  133.6  knots.  In  general,  for  flight  condi¬ 
tions  below  stall,  the  agreement  between  the  measured  data  and 
the  analytical  results  is  fair.  The  worst  agreement  occurs  at 
a  blade  loading  of  0.07,  where  the  C-70  analysis  overpredicts 
the  load  by  about  33  percent. 


The  analytical  results  for  the  substall  conditions  show  a  pre¬ 
dominately  1/rev  waveform  which  is  typical  of  the  unstalled 
model  data. 

The  measured  data  shows  that  stall  inception  occurs  at  a  blade 
loading  of  about  0.09.  The  C-70  analytical  results  are  in  ex¬ 
cellent  agreement  with  the  model  stall  inception,  whereas  the 
C-60  program  predicts  inception  prematurely. 


Above  stall,  the  C-70  analysis  overpredicts  by  400  percent. 

In  order  to  determine  the  cause  of  the  poor  correlation,  an 
extensive  examination  of  the  C-70  program  was  undertaken. 

This  examination  uncovered  an  error  in  the  aeroelastic  cou¬ 
pling  matrix  which  provides  iteration  stability.  Corrective 
action  has  been  initiated.  Once  program  checkout  is  complete, 
a  correlation  can  again  be  attempted. 


The  C-70  analysis  could  not  be  used  to  confirm  the  C-60  re¬ 
sults  presented  above  due  to  the  poor  comparison  obtained 
with  the  model  test  results.  A  modification  of  the  C-70 
program  was  beyond  the  scope  of  this  study. 
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Figure  69.  Comparison  of  Measured  and  Calculated  Blade 
Torsion  Amplitude  for  the  Standard  Reference 
Blade  (Fully  Coupled  Analysis),  V  =  133.6  Knots 
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CONCLUSIONS 


For  flight  conditions  at  high  blade  loadings  or  airspeeds, 
the  rotor  control  system  experiences  a  rapid  load  growth  re¬ 
sulting  from  stall-induced  blade  torsional  moments.  These 
loads  frequently  grow  so  large  that  the  aircraft  flight  en¬ 
velope  is  restricted  before  the  aircraft  power  limit  is 
reached.  Limited  analytical  and  experimental  data  show 
that  changing  the  blade  torsional  properties  can  significant¬ 
ly  reduce  the  large  stall-induced  control  loads.  The  results 
of  this  study  verify  the  control  load  reduction  over  a 
large  flight  region,  indicating  that  a  practical  means  for 
reducing  stall-induced  control  loads  is  possible.  The 
following  conclusions  can  be  drawn  from  this  study. 

1)  The  aeroelastic  rotor  analysis  (program  C-60)  generally 
correlates  well  with  model  rotor  torsional  loads 

for  blades  with  torsional  natural  frequencies  of 
3.1/rev,  4.25/rev,  and  5.65/rev.  The  correlation 
includes  both  substall  and  stalled  blade  torsion 
loads  for  an  advance  ratio  of  0.3.  However,  pro¬ 
gram  deficiencies  have  been  uncovered  which  re¬ 
quire  additional  analytical  development. 

2)  Torsional  frequency  is  not  a  universal  parameter 
that  determines  the  magnitude  of  the  stall- 
induced  loads  as  indicated  in  Reference  1.  At 
low  airspeeds  (125  knots),  torsional  frequency, 
regardless  of  whether  it  was  obtained  by  varying 
blade  torsional  stiffness,  control  system  stiff¬ 
ness  or  blade  pitch  inertia,  is  the  major  deter¬ 
minant  of  stall  loads. 


3)  Changes  in  blade  torsional  properties  can  re¬ 
duce  the  stall-induced  pitch-link  loads. 

These  changes  include  torsional  stiffness,  con¬ 
trol  system  spring  rate,  pitch  inertia,  and  blade 
twist. 

4)  Reducing  the  blade  torsional  stiffness  provides 
the  largest  reduction  in  stall-induced  control 
loads.  There  is  some  indication  that  reduced 
torsional  stiffness  witi  a  very  stiff  control 
system  spring  rate  may  reduce  loads  even  more 
than  a  stiffness  reduction  with  the  nominal  con¬ 
trol  system  spring  rate. 


118 


5)  Reducing  the  CH-47C  rotor  blade  torsional  stiffness 
to  one-half*  produced  a  large  stall-induced  control 
load  reduction  at  125  knots  and  150  knots  for  a  wide 
range  of  blade  loadings.  At  17  5  knots,  for  reasonable 
rotor  power,  there  is  little  control  load  difference 
between  blades  with  0.5,  1.0,  and  3.3  times  the  blade 
torsional  stiffness*.  The  net  effect  of  reducing  the 
stiffness  by  one-half  is  a  large  flight  envelope  in¬ 
crease  for  airspeeds  up  to  175  knots. 

6)  Reducing  the  CH-47C  rotor  blade  torsional  stiffness  to 
one-quarter*  its  original  value  results  in  a  blade 
that  experiences  advancing  blade  torsional  divergence 
for  the  150-knot  and  175-knot  flight  conditions. 

7)  The  rotor  blade  with  the  torsional  stiffness  increased 
by  a  factor  of  3.3*  has  the  smallest  advancing  blade 
load  growth  with  airspeed.  This  is  the  highest  stiff¬ 
ness  for  which  an  extensive  investigation  was  per¬ 
formed.  At  very  high  airspeeds  (175  knots  and  above) 
the  advancing  blade  load  growth  becomes  more  important 
than  the  retreating  blade  stall  spikes.  In  this  en¬ 
vironment  the  stiffest  blade  will  probably  provide 

the  lowest  torsional  loads. 

8)  The  fully  coupled  rotor  analysis  (program  C-70)  corre¬ 
lates  well  with  substall  model  rotor  torsional  loads, 
but  greatly  overpredicts  the  stall-induced  load.  An 
error  has  been  discovered  in  the  dynamic/aerod  namic 
coupling  matrix,  and  the  analysis  is  not  yet  consid¬ 
ered  reliable. 

The  present  analytical  investigation  established  that  a  signif¬ 
icant  reduction  of  stall  control  loads  is  possible;  what  is 
needed  now  is  extensive  test  verification,  additional  analyti¬ 
cal  investigation,  and  improved  theoretical  methods. 


*  Torsional  Stiffness  Factor 
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RECOMMENDATIONS 


This  ^tudy  shows  that  the  large  stall-induced  control  loads 
can  be  reduced  through  blade  design  changes.  Though  these 
results  are  informative,  much  work  remains  before  u  real  hard¬ 
ware  payoff  can  be  realized.  Short-term  efforts  in  the  area 
of  model  test  verification,  additional  analytical  investiga¬ 
tion,  and  improved  theoretical  methods  are  needed. 

A  meaningful  wind  tunnel  test  program  is  needed  to  validate 
the  analytical  load  results.  Using  model  blades  with  stiff¬ 
ness  changes  to  provide  torsional  natural  frequencies  of 
4.0/rev,  5.5/rev  and  7/rev  would  probably  provide  the  most 
useful  results.  Remote  collective  and  cyclic  pitch  would  be 
required  to  simulate  trimmed  rotor  flight  conditions  so  that 
the  resulting  control  loads  can  be  compared  directly. 

To  more  fully  understand  the  influence  of  blade  torsional 
properties  on  control  loads,  the  following  is  recommended: 

1.  Investigate  the  mechanism  that  generates  the  large  re¬ 
treating  blade  stall-induced  control  loads  and  determine 
why  a  blade  with  large  live  twist*  has  the  lowest  load. 

2.  Examine  the  advancing  blade  load  mechanism  and  determine 
the  divergence  boundary  for  blades  with  different  torsional 
properties. 

3.  Continue  the  investigation  of  the  effects  of  blade  twist 
and  cyclic  pitch  on  control  loads  and  initiate  an  investi¬ 
gation  of  the  effects  of  center  of  gravity,  pitch  axis, 
and  shear  center  location. 

4.  Determine  the  control  load  envelopes  for  other  realistic 
rotors,  including: 

The  high-aspect-ratio  Bell  type  rotor,  which  has  a 
relatively  high  pitch  inertia  and  a  low  torsional 
frequency. 

The  large-aspect-ratio  Sikorsky-type  rotor,  which  has 
a  relatively  low  pitch  inertia  and  high  torsional 
frequency . 

A  Kaman-type  aero  tab  controlled  'soft  root'  rotor. 

A  hingeless  rotor,  to  determine  if  articulated  rotor 
results  can  be  generalized  to  include  a  nonart iculated 
rotor. 


♦This  blade  has  one-half  the  CH-47C  blade's  torsional  stiff¬ 
ness  and  a  4/rev  torsional  frequency. 


Improved  analytical  methods  are  needed  to  eliminate  the  defi¬ 
ciencies  uncovered  in  the  theory/test  loads  comparison,  such 
as : 

1.  Completing  the  development  of  the  coupled  flap-lag-pitch 
rotor  analysis. 

2.  Upgrading  the  unsteady  aerodynamic  theory  by: 

Removing  the  deficiency  in  the  blade  plunging 
idealization 

Adding  the  effects  of  an  oscillating  tangential  flov: 

Continuing  to  refine  the  dynamic  CM  overshoot  term 

Determining  the  proper  value  for  the  pitching  stall  delay 
parameter  for  Mach  numbers  of  0.6  and  above. 

An  upgraded  analysis  will  not  only  provide  more  reliable  con¬ 
trol  load  results,  but  it  would  also  result  in  the  development 
of  an  available  stepping  stone  toward  understanding  and  even¬ 
tually  toward  solving  other  rotor  problems. 
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APPENDIX  I 


DESCRIPTION  OF  THE  AEROELASTIC  ROTOR  ANALYSIS  (PROGRAM  C-60) 

The  aeroelastic  rotor  analysis  (designated  program  C-60)  calcu¬ 
lates  rotor  blade  flapwise,  chordwise  and  torsional  deflections 
and  loads  together  with  rotor  performance,  control  system 
forces  and  vibratory  hub  loads.  Articulated  and  hingeless 
rotors  with  from  two  to  nine  blades  and  low  twist  may  be  ana¬ 
lyzed.  The  analysis  is  limited  to  calculations  involving 
steady-state  flight  at  constant  rotor  tip  speeds.  The  blades 
may  be  of  arbitary  planform,  twist  and  may  contain  up  to  3 
different  airfoil  sections. 

The  analysis  considers  coupled,  f lapwise-torsion  deflections 
and  uncoupled,  chordwise  deflections  of  the  rotor  blades.  The 
blade  is  represented  by  20  lumped  masses,  interconnected 
in  series  by  elastic  elements.  Boundary  conditions  for  either 
articulated  or  hingeless  rotors  are  applied  and  the  solution 
is  obtained  by  expanding  the  variables  in  a  10-harmonic 
Fourier  series. 

Airload  calculations  include  the  effects  of  airfoil  section 
geometry,  compressibility,  stall,  three-dimensional  flow, 
unsteady  aerod*. namics ,  and  nonuniform  inflow.  Static  airfoil 
tables  are  used  to  account  for  compressibility,  static  stall, 
and  airfoil  shape.  The  unsteady  aerodynamic  loads  are  calcu¬ 
lated  by  modifying  the  static  loads  resulting  from  the  airfoil 
tables  to  include  Theordorsen ' s  shed  wake  function,  dynamic 
stall  effects  based  on  oscillating  airfoil  data,  and  yawed 
flow  across  the  blade. 

The  nonuniform  inflow  calculations  are  based  on  a  tip  and  root 
vortex  trailed  from  each  blade.  Through  an  iterative  tech¬ 
nique,  each  trailed  vortex  is  made  compatible  with  the  calcu¬ 
lated  blade  lift  distribution,  and  the  lift  distribution  is 
compatible  with  the  nonuniform  downwash  field.  The  vortex 
wake  is  assumed  to  be  rigid  and  to  drift  relative  to  the  hub 
with  a  constant  resultant  velocity  composed  of  thrust-induced 
uniform  downwash  and  the  aircraft  airspeed. 

A  flow  diagram  of  this  analysis  is  shown  in  Figure  70.  The 
solutions  for  the  nonlinear  aerodynamic  loads  and  the  coupled 
flap-pitch  blade  response  are  performed  in  series,  and  up  to 
ten  iterations  between  the  airloads  and  blade  response  are 
used  to  obtain  the  final  solution.  An  iterative  solution  is 
used  to  account  for  the  nonlinear  coupling  between  the  blade 
deflections  and  airloads  that  result  from  airfoil  stall  and 
compressibility.  Iteration  techniques  arc  also  used  to  ob¬ 
tain  compatibility  between  the  airloads,  downwash,  and  vortex 
strength,  and  to  obtain  a  match  with  a  specified  rotor  thrust. 

A  brief  outline  of  the  computer  procedure  is  given  below. 


Figure  70.  Program  060  Flow  Diagram. 


followed  by  a  description  of  the  methodology  used  in  this 
analysis . 


The  c-60  program  is  started  by  calculating  initial  deflections 
and  defining  boundary  conditions  from  input  (i.e.,  collective 
and  cyclic  pitch  and  root  flap  deflections) .  These  inputs  are 
either  known  (as  in  the  case  of  a  model  test  or  where  these 
quantities  were  measured  in  flight)  or  are  obtained  from  an  aero¬ 
dynamic  trim  analysis.  The  Boeing  program  Y-92  calculates  the 
rotor  trim  (i.e.,  aircraft  angle  cf  attack,  thrust,  collective 
pitch,  cyclic  pitch,  and  blade  root  flap  angle)  by  considering 
aircraft  gross  weight,  center  of  gravity,  fuselage  drag,  rigid 
blade  properties,  quasistatic  airfoil  characteristics,  non- 
uniform  downwash,  forward  speed,  and  rotor  speed  to  determine 
the  airloads  required  to  maintain  the  free-flight  aircraft  in 
equilibrium  for  a  steady-state  flight  condition. 

Next,  the  rotor-induced  velocities  are  calculated  to 
provide  a  downwash  field  for  each  blade.  Uniform  down- 
wash  is  determined  either  from  input  or  a  simple  calcula¬ 
tion.  If  only  uniform  downwash  is  required,  the  program 
exits  from  the  downwash  routine  and  proceeds  to  the  air¬ 
load  routine.  If  nonuniform  downwash  is  required,  a  com¬ 
plex  iteration  loop  is  initiated.  The  downwash  field  result¬ 
ing  from  this  routine  is  used  throughout  the  program  with  no 
updates  or  modifications. 

For  clarity,  when  calculating  tandem-rotor  downwash,  the  two 
rotors  are  designated  as  the  "prime"  rotor  and  the  "other" 
rotors.  If  the  program  is  calculating  aft  rotor  loads  of  a 
tandem-rotor  helicopter,  the  aft  rotor  is  the  prime  rotor  and 
the  forward  rotor  is  the  other  rotor.  In  the  case  of  a  single¬ 
rotor  aircraft,  the  main  rotor  is  always  the  prime  rotor. 

For  a  tandem-rotor  helicopter,  the  program  first  calculates  a  com¬ 
patible  self-induced  downwash  for  the  other  rotor.  Then,  the 
resulting  vortex  field  of  the  other  rotor  is  used  to  calculate 
the  rotor  interference  downwash  on  the  prime  rotor.  The  prime 
rotor  self-induced  downwash  is  then  calculated  in  the  already 
defined  rotor  interference  downwash  field.  The  final  prime 
rotor  downwash  is  then  the  sum  of  the  rotor  interference  down- 
wash  plus  the  self-induced  downwash  of  the  prime  rotor.  For  a 
single-rotor  aircraft,  only  the  self-induced  downwash  is 
calculated. 

Calculating  the  self-induced  downwash  requires  an  itera¬ 
tion  between  airloads,  trailed  vortex  strength  and  downwash. 
This  iteration  is  performed  up  to  ten  times  to  insure  com¬ 
patibility  among  these  three  quantities.  Each  time  the  par¬ 
tial  airload  routine  is  entered,  an  iteration  between  the 
thrust  routine  and  airloads  may  be  performed.  This  thrust 
routine  iteration  is  performed  when  agreement  with  the  thrust 


defined  by  the  trim  program  is  desired  throughout  the  analysis. 
To  obtain  this  constant  thrust,  every  time  the  airload  routine 
is  entered,  an  iteration  process  is  performed  on  the  airloads 
by  altering  the  steady  root  collective  pitch  until  a  collective 
angle  is  found  which  corresponds  to  the  required  thrust,  if 
no  thrust  match  is  required,  the  thrust  routine  iteration  is 
not  performed. 

After  the  downwash  field  is  calculated,  the  rigid  blade  deflec¬ 
tions  (initial  deflections),  nonuniform  downwash,  and  nonlinear 
aerodynamic  coefficients  are  then  combined  to  calculate  the 
airloads.  Here  again,  a  thrust  routine  iteration  is  provided 
to  guarantee  a  thrust  match  if  desired.  Following  the  airload 
routine,  the  aerodynamic  vertical  force  and  pitching  moment 
are  harmonically  analyzed  and  used  as  forcing  functions  to 
calculate  the  coupled  flap-pitch  dynamic  response  of  the  blade. 
Since  the  forcing  loads  are  nonlinear  functions  „f  the  forced 
response  (due  to  stall  and  compressibility) ,  iteration  between 
aerodynamic  loads  and  the  blade  dynamic  response  is  required 
to  provide  feedback.  To  perform  the  iteration,  the  most 
recently  calculated  coupled  flap-pitch  deflections  are  substi¬ 
tuted  back  into  the  aerodynamic  analysis,  the  aerodynamic 
forcing  functions  are  evaluated  again,  and  the  coupled  flap- 
pitch  response  analysis  is  repeated.  The  iteration  is  continued 
until  a  specified  number  of  iterations  (usually  ten)  have  been 
completed.  The  number  of  iterations  specified  should  be  suffi¬ 
cient  to  insure  a  converged  solution. 

After  the  coupled  flap -pitch  airload  iteration  is  complete, 
the  Coriolis  force  is  calculated  from  the  coupled  flap-pitch 
deflections  and  added  to  the  tangential  aerodynamic  forces 
for  the  lag  forcing  function.  The  uncoupled  lag  response  is 
calculated  in  the  same  manner  as  the  coupled  flap-pitch 
response;  however,  no  iterations  are  performed.  The  influence 
of  lag  deflections  on  airloads  and  the  coupled  flap-pitch 
response  are  assumed  to  be  negligible. 

Next,  blade  radial  forces  are  calculated  by  considering  blade 
shortening  resulting  from  flap  and  lag  deflections,  pitch-link 
loads  are  calculated  by  determining  the  blade  system  pitching 
moment,  and  all  loads  are  resolved  from  the  rotor  disc  system 
into  the  blade  system.  Finally,  fixed  and  rotating  system  hub 
and  lower  control  loads  are  evaluated  by  combining  the  root 
shears  and  moments  with  the  system  geometry. 

The  program  flow  diagram  shows  that  the  aeroelastic  rotor 
analysis  is  basically  an  aerodynamic  analysis  coupled  by  itera¬ 
tion  to  a  dynamic  analysis. 
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HISTORY  OF  DEVELOPMENT 


This  program  has  undergone  continual  modifications  and  improve¬ 
ments  since  its  inception.  The  original  analysis,  which  used 
ten  mass  and  elastic  bays,  four  harmonics  of  loads  and  deflec 
tions,  uniform  inflow,  and  linear  aerodynamics,  was  developed 
by  the  Boeing  Vertol  company's  Dynamics  Group  for  their  study 
of  helicopter  rotor  hub  vibratory  forces  under  Navy  Bureau  of 
Weapons  Contract  NOa  (s)  60-6112c,  May  1961.  The  program  devel¬ 
opment  and  parameter  study  results  are  given  in  Reference  7. 
Following  the  completion  of  this  contract,  the  analysis  was 
expanded  to  include  15  mass  and  elastic  bays,  10  harmonics 
of  loads  and  deflections,  and  nonlinear  aerodynamics,  in¬ 
cluding  stall  and  compressibility  effects.  As  programmed  on 
the  IBM  650,  the  actual  computing  time  of  the  expanded  analysis 
was  approximately  2  hours  and  required  hand  assembly  of  sub¬ 
program  inputs.  With  the  replacement  of  the  IBM  Model  650 
computer  by  the  faster  computers  and  subsequent  reprogramming 
into  a  continuous  chain,  the  unit  running  time  was  reduced  to 
approximately  10  minutes.  Taking  advantage  of  the  faster 
computer,  the  Research  and  Development  Group  extended  the 
rotor  analysis  to  include  special  input  formats,  aerodynamic 
performance  calculations,  and  an  internal  nonuniform  downwash 
calculation.  These  improvements  are  reported  in  the  program 
description  and  user's  instructions  (Reference  8,  September 
1965) .  Since  downwash  is  a  major  source  of  higher  harmonic 
rotor  and  hub  loads,  the  development  of  an  internal  nonuniform 
downwash  computation  significantly  improved  rotor  ]oad  predic¬ 
tion  capability  (Reference  9,  December  1965) . 

In  subsequent  years,  further  improvements  have  been  made  in 
the  thrust  routine,  pitch  and  elastic  matrices,  flap  boundary 
conditions,  and  downwash  representation.  Special  problems, 
such  as  mechanical  flap-pitch  coupling  (63),  linear  hub  motion, 
and  flap  dampers,  can  now  be  analyzed.  The  engineer  has  the 
option  to  perform  either  a  flexible-  or  a  rigid-blade  analysis. 
Either  linear  or  nonlinear  aerodynamics  may  be  employed,  and 
additional  options  are  available  to  represent  downwash.  The 
program's  aerodynamic  theory  was  expanded  to  include  an  approx¬ 
imation  for  the  unsteady  shed  wake  of  an  oscillating  airfoil, 
which  significantly  improved  pitch-link  load  prediction  capa¬ 
bility.  Any  airfoil  section  may  be  used  in  the  load  calcula¬ 
tions  by  inputting  two-dimensional  static  airfoil  data  tables. 
Previously,  only  representative  stall  and  compressibility 
effects  were  accounted  for.  In  addition,  blades  with  variable 
airfoil  sections  that  change  thickness  ratio  or  camber  with 
blade  span  can  be  accounted  for  by  defining  up  to  three  airfoil 
sections  along  the  blade  and  linearly  interpolating  between 
them.  A  description  of  the  program  with  all  the  above  changes 
has  been  documented  in  Reference  10,  May  1967.  A  comparison 
of  predicted  loads  with  test  is  presented  in  Reference  5, 

January  1968. 
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Since  1967  the  theory  has  been  further  improved  to  consider 
blade  tab  and  trai ling-edge  bends,  an  increased  number  of  mass 
stations  (from  15  to  20)  and  aerodynamic  stations  (from  10  to 
15),  viscous  damping  in  the  pitch  links,  angular  hub  motion  in 
the  blade  load  calculations,  rotors  with  from  two  to  nine 
blades,  and  a  three-point  or  four-point  swashplate  actuator 
system  for  the  lower  control  lead  calculations,  in  addition, 
there  were  two  major  improvements:  (1)  the  development  of  a 
nonuniform  downwash  theory  that  includes  compatibility  between 
vortex  strength,  downwash,  and  the  airload  distribution  (August 
1968);  and  (2)  the  inclusion  of  a  nonlinear,  unsteady  aero¬ 
dynamic  theory  (Reference  2,  May  1971).  The  downwash  modifica¬ 
tions  improved  blade  loads  and  probably  hub  loads.  The  new 
unsteady  aerodynamics  provided  a  signficant  improvement  in 
rotor  performance  prediction  and  can  now  predict  the  sharp  in¬ 
crease  in  control  loads  that  occur  at  the  high  Ct/o  or  high 
airspeeds  associated  with  blade  stall  (Figure  71) . 
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WIND  TUNNEL  TEST  PROGRAM  (PROGRAM  089) 

The  Boeing  Vertol  Company  089  Wind  Tunnel  Test  Program 
involved  the  measurement  of  blade  and  hub  loads  for  three 
3-bladed, 6-foot-diameter  model  rotors  at  a  y  =  0.3  and  a  range 
of  rotor  thrust.  Each  of  the  three  blade  sets  had  NACA  23010 
airfoil  section  with  a  constant  2.3~inch  chord.  The  first  set 
of  blades  had  a  torsional  natural  frequency  of  4.25/rev  and 
was  constructed  of  fiberglass  using  conventional  cross-ply 
torsion  wrap.  The  second  set  of  blades  had  mass  properties 
similar  to  the  rirst  blade  set,  but  had  a  torsional  natural 
frequency  of  3.1/rev.  These  blades  were  constructed  with 
fiberglass  using  a  uniply  torsion  wrap,  which  substantially 
reduced  the  blade  torsional  stiffness.  The  third  set  of  blades 
had  a  torsional  natural  frequency  of  5.65/rev  and  was  con¬ 
structed  of  morganite.  Though  the  morganite  blades  were  not 
significantly  stiffer  than  the  first  set  of  blades,  they  had 
significantly  lower  torsional  inertia,  which  accounts  for  the 
higher  torsional  natural  frequency.  The  blades  were  connected 
to  the  hub  without  torsion  bearings,  and  there  were  no  connect¬ 
ing  pitch  links.  This  ^as  done  so  that  the  blade  torsional 
natural  frequency  would  be  known  without  concern  for  potential 
coupling  with  a  dynamic  control  system.  However,  this  resulted 
in  the  loss  of  cyclic  pitch  contro"  and  a  requirement  for 
manual  setting  of  the  blade  collective. 

Prior  to  each  run,  the  collective  pitch  was  set  and  the  shaft 
incidence  angle  lowered  to  approximately  t0  degrees  into  the 
wind.  The  rotor  rpm  was  then  hrought  up  to  the  desired  tip 
speed  at  an  advance  ratio  (y)  of  0.3.  In  order  to  increase 
the  rotor  CT/a,  the  rotor  shaft  was  slowly  tilted  toward  the 
vertical. 

TEST  RESULTS 


At  a  Ct/o  of  approximately  0.1,  the  torsion  loadr  began  growing 
indicating  the  development  of  stall  flutter.  It  was  intended 
that  nondimensional  propulsive  force  (X)  of  about  0.2  would  be 
obtained  in  '-he  stall  flutter  regime,  to  represent  actual 
flight  conditions.  This  was  to  have  been  done  by  performing 
repeated  shaft  tilt  sweeps  at  increasing  collective  pitch 
settings  until  the  desired  propulsive  forces  were  obtained. 

However,  due  to  the  lack  of  cyclic  pitch,  large  blade  flapping 
occurred  at  the  high  Cy/a  conditions  and  limited  the  collec¬ 
tive  settings  through  the  generation  of  large  chord  bending 
loads  and  pounding  of  the  up-flap  stop.  The  result  was  that 
negative  propulsive  forces  were  obtained  in  much  of  the  stall 
flutter  region. 


DATA  SELECTED  FOR  CORRELATION 


Table  I  lists  the  selected  test  points  along  with  the  wind 
tunnel  operating  conditions,  trim  data  and  measured  loads. 

Runs  317  (low-stiffness  blade  (GJ)),  306  (standard  reference 
blade)  and  323  (morganite  blade)  were  selected  because  it  was 
desired  to  correlate  with  rotors  having  similar  propulsive 
force  variations  with  thrust.  From  each  of  these  runs,  five 
test  points  were  selected  which  covered  the  range  of  available 
Cip/o  and  which  provided  at  least  one  flight  condition  below 
stall,  one  condition  in  transition,  and  two  stalled  conditions. 

Each  blade  on  each  rotor  was  instrumented  to  record  blade  tor¬ 
sion  data.  Due  to  gauge  failures,  however,  only  two  gauges  on 
the  standard  reference  blades  and  only  one  gauge  on  the 
luorganite  blades  were  operational. 

MODEL  BLADES'  PHYSICAL  PROPERTIES 


To  adequately  perform  the  theory/test  comparison,  the  model 
blades'  physical  properties  must  be  known  accurately.  However, 
at  the  time  of  the  contract  award,  only  theoretical  distribu¬ 
tions  calculated  from  an  idealized  structure  of  the  model 
blades  were  available.  Therefore,  to  insure  accuracy,  direct 
measurements  of  the  most  significant  blade  physical  properties 
were  made  to  confirm  the  theoretical  distributions. 

Blade  Weight 

The  experimental  blade  weight  distribution  was  found  by  cutting 
a  model  blade  into  strips  about  2  inches  in  length,  weighing 
each  strip,  and  calculating  a  weight  per  unit  length.  Figure 
72  compares  the  theoretical  and  measured  weight  distributions 
for  the  standard  reference  blade.  Since  the  two  distributions 
agree  within  10  percent  of  each  other,  the  theoretical  weight 
distribution  was  used.  Since  the  cut-up  standard  reference 
blade  was  available,  only  the  standard  reference  blade  weight 
distribution  was  confirmed. 

Blade  dhordwise  Center  of  Gravity 

The  distribution  of  blade  chordwise  center  of  gravity  was  not 
directly  measured,  instead,  a  comparison  was  made  of  the 
measured  center-of-gravity  location  of  the  entire  blade  and 
the  theoretical  center-of-gravity  location  obtained  by  inte¬ 
grating  the  theoretical  center-of-gravity  distribution. 

The  measured  center-of-gravity  location  was  obtained  by  placing 
each  blade  in  a  fixture  of  known  geometry  and  center-of-gravity 
location  and  recording  the  change  in  readings  on  two  balances. 
By  summing  moments,  the  location  of  the  center  of  gravity  could 


130 


TABLE 

I .  SUMMARY  OF 

SELECTED  DATA 

Alt. 

Test 

Blade 

Point 

_ y _ 

cT/o 

as 

X 

Torsion  8q 

6!c 

6  Is 

Low 

GJ  Blade 

Run 

317'"6  ‘ 

=  3.1/Rev, 

0  _c  =  16.5 

.  /  D 

Deg  (Zero  Thrust  Collective 

as  Reference) 

10 

0.278 

0.0889 

-18.1 

0.243 

6.64 

4.38 

-  7.11 

-  0.007 

12 

0.281 

0.095 

-16.1 

0  .192 

9.41 

4.66 

-  8.37 

0.40 

16 

0.289 

0.1123 

-  9.15 

0  .037 

15.67 

5.16 

-11.4 

-1.46 

17 

0.291 

0.1161 

-  7.05 

0.121 

16  .64 

5.23 

-11.77 

1.72 

18 

0.292 

0.1179 

-  6.08 

0  .171 

15.98 

5.24 

-12.0 

1.77 

Standard  Reference 

Blade 

Run 

306  g  = 

=  4 .25/Rev, 

6 . 75 

=  15  Deg  (Zero 

Thrust 

Collective  as 

Reference) 

9 

0.269 

0.0711 

-23.05 

0.289 

5.95 

2.56 

-  5.81 

-0-9 

10 

0.275 

0.0863 

-19.99 

0.267 

6.73 

3.21 

-  6.61 

-1.07 

14 

0.281 

0.1027 

-15.07 

0-152 

10.81 

3.75 

-8.54 

-1.13 

16 

0.285 

0.1103 

-11.92 

0.037 

18.56 

4.04 

-10.1 

-0.97 

19 

0.291 

0.1204 

-  7.08 

0  .162 

25.6 

4.41 

-11.5 

-0.55 

Morganite  Blade 
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323,  u0 

=  5.65/Rev, 

6 . 75 

=  13.5 

Deg  (Zero  Thrust  Collective 

as  Reference) 

5 

0.276 
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-19.31 

0.244 

6.05 

4.5 

-  7.32 

-1.59 

6 

0.279 

0.0885 

-17.62 

0 .216 

6.09 

4.87 

-  8.15 

-1.75 

7 

0  .282 

0 .0963 

-15.66 

0-177 

8.24 

5.15 

-  9 

-1.94 

8 

0.285 

0.1035 

-13.58 

0 .113 

11.6 

5.9 

-  4.44 

-2.06 

11 

0  .292 

0 .1148 

-  7.6 

0.093 

21.66 

8.91 

-12.54 

-4.98 

I 
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Blade  Weight-lb/in. 


Figure  72.  Comparison  of  Measured  and  Calculated 
Blade  Weight  Distributions. 


be  calculated. 


The  theoretical  and  measured  center-of-gravity  locations  of 
each  blade  as  a  percentage  of  blade  chord  are  shown  below. 

MEASURED  AND  THEORETICAL  CHORDWISE  CG  LOCATIONS 

%C  (Aft  of 

Blade  Leading  Edge) 


Low  Stiffness 

Test  eg 

24.84 

Analytical  eg 

24.68 

Standard  Reference 

Test  eg 

24.98 

Analytical  eg 

24.67 

Morganite 

Test  eg 

26.53 

Analytical  eg 

24.36 

As  shown,  the  theoretical  center-of-gravity  location  compares 
very  favorably  with  measured  values;  therefore,  the  theoretical 
distributions  were  accepted  rs  correct. 

Blade  Pitch  Inertia 


The  blade  pitch  inertia  distribution  was  not  directly  measured, 
and  so  a  direct  verification  of  the  theoretical  pitch  inertia 
was  not  possible.  An  indirect  verification  was  made,  however, 
by  comparing  the  measured  total  blade  pitch  inertia  with  the 
theoretical  total  pitch  inertia  obtained  by  integrating  the 
distribution. 

The  total  blade  pitch  inertia  was  measured  as  follows: 

A  steel  rod  of  known  cross  section  and  length  (and,  hence, 
pitch  inertia,  Jgrod)  was  allowed  to  oscillate  in  torsion  on 
the  end  of  a  wire.  The  frequency  of  vibration,  ^erod*  was 
measured,  and  the  torsional  stiffness  of  the  wire,  K0w^re,  was 
calculated  using  the  relation 


K8wire 

“erod  i0rod 

Then,  each  of  the  model  blades,  together  with  the  root  end 
hardware,  was  suspended  from  the  wire  and  allowed  to  vibrate 
about  the  pitch  axis.  From  the  measured  natural  frequency, 
I6blade  was  calculate^  using 

Kg wire 

^Oblade  "  Igblade 


Measured  and  theoretical  values  are  compared  below: 


COMPARISON  OF  MEASURED  AND  THEORETICAL 
BLADE  PITCH  INERTIA 


Blade 


Low  Stiffness  Measured 

Theoretical 

Standard  Reference  Measured 

Theoretical 


Morganite 


Measured 

Theoretical 


Torsional  Stiffness 


Total  Pitch  Inertia 


0.0004650 

0.0004892 

0.0004767 

0.00049C3 

0.0003818 

0.0003839 


The  theoretical  torsional  stiffness  was  checked  by  comparing 
it  to  the  measured  stiffness  over  two  blade  sections  (i.e., 
from  21  percent  to  50  percent  span  and  50  percent  to  90  percent 
span) .  The  experimental  values  were  obtained  by  applying  a 
known  torsional  load,  T,  and  then  measuring  the  angular  deflec¬ 
tion,  A  9,  over  the  given  span.  The  torsional  stiffness,  GJ, 
could  then  be  calculated  from  the  relation 


where  l  is  the  span  length. 

Figure  73  compares  the  theoretical  and  measured  torsional 
stiffness  distribution  for  each  blade  and  shows  that,  although 
the  shape  of  the  theoretical  distribution  agrees  well  with  the 
experimental  values,  it  is  consistently  too  low.  in  order  to 
improve  the  agreement  of  magnitudes,  the  theoretical  distribu¬ 
tion  was  increased  by  25  percent  for  all  three  blades  over  the 
outboard  75  percent  of  the  blade. 


Flap  Stiffness 

Measurements  of  flapwise  stiffness  were  made  over  the  30  per¬ 
cent  to  70  percent  radial  position  for  each  model  blade.  The 
procedure  used  was  to  apply  a  known  load,  P,  and  to  measure  the 
deflection,  5,  over  the  span.  The  flapwise  stiffness,  El, 
could  then  be  calculated  using  the  relation 


where  a  is  the  span  length. 
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The  measured  and  theoretical  flapwise  stiffnesses  between  the 
30  percent  and  70  percent  radial  position  are  compared  below: 


COMPARISON  OF  MEASURED 

AND  THEORETICAL 

FLAPWISE  STIFFNESSES 

Flapwise  Stiffness 

(0.3  to  0.7  r/R) 

Blade 

lb/in. 2 

Low  Stiffness 

Measured 

3135 

Theoretical 

2926 

Standard  Reference 

Measured 

3099 

Theoretical 

2975 

Morganite 

Measured 

4843 

Theoretical 

4660 

Since  the  agreement  is  good,  the  theoretical  flapwise  stiffness 
distribution  was  accepted  as  correct. 

Chordwise  Stiffness 

Since  no  measurements  of  chordwise  stiffness  were  made,  the 
theoretical  chordwise  stiffness  distribution  was  used. 

Shear  Center 


Measurements  of  shear  center  location  were  made  for  each  of  the 
model  blades  by  applying  a  static  load  and  measuring  the  angu¬ 
lar  deformation  over  a  span.  The  chordwise  position  of  the 
load  was  varied  until  no  angular  deformation  occurred.  This, 
by  definition,  is  the  shear  center  location. 

Measurements  were  made  for  each  model  blade  over  the  0.21  to 
0.5  r/R  and  0.5  to  0.9  r/R  spans.  The  results  are  summarized 
below: 


MEASURED  CHORDWISE  SHEAR  CENTER  LOCATION 


Blade 

Low  Stiffness 
Standard  Reference 
Morgan it e 


Chordwise  Position  -%C 


0.21-0.5  r/R 
22.0 
30.2 


0.5-0. 9  r/R 
26.0 
31.0 


18.0 


25.5 


A  theoretical  calculation  for  shear  center  location  was  not 
available  but  it  was  estimated  to  be  at  25  percent.  Since  the 
measured  values  showed  significant  scatter,  their  validity 
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was  in  doubt,  and  the  estimated  shear  center  of  25  percent 
was  used  for  the  load  calculations. 

Blade  Twist 


At  the  time  of  manufacture,  it  was  intended  that  each  blade 
have  a  nominal  9-degree  linear  twist  distribution.  Measure¬ 
ments,  however,  indicate  that  each  set  of  blades  had  a  differ¬ 
ent  twist  (see  below) .  Since  two  sets  of  measurements  made 
20  months  apart  compare  very  favorably,  it  was  concluded  that 
the  measured  twist  is  correct  and  that  the  difference  between 
the  actual  and  the  9-degree  intended  twist  resulted  from  blade 
warping  after  removal  from  the  molds.  For  simplicity,  the 
most  recently  measured  blade  twists  were  used  for  the  analyti¬ 
cal  calculations. 


SUMMARY  OF  BLADE  WIST  MEASUREMENTS 


Blade 

Measured  3/71 

Measured  11/72 

Low  Stiffness 

S/N  210 

9.7 

211 

10.3 

212 

11.5 

213 

10.0 

Average 

10.4 

10.4 

Standard  Reference 

S/N  121 

7.48 

122 

7.68 

123 

7.76 

124 

7.39 

Average 

7.55 

7.7 

Morgan ite 

S/N  154 

11.07 

155 

10.87 

156 

10.86 

157 

10.3 

Average 

vrm 

10.5 

Root  Torsional  Spring 

The  pitch  arm  and  housing  for  the  model  blades  were  replaced  by 
an  adjustable  root  torsion  spring.  This  device  was  intended  to 
provide  a  means  for  changing  the  blade  torsional  frequency  over 
a  wide  range.  However,  the  device  did  not  work  properly  during 
the  test,  and  no  significant  frequency  variations  were  obtained. 

After  the  rotor  test,  the  root  torsional  spring  was  measured, 
and  a  stiffness  of  1850  inches/pound/radians  was  obtained. 
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In  order  to  provide  a  double  check  of  the  root  torsional 
spring,  blade  torsional  stiffness,  and  pitch  inertia,  a  natural 
frequency  analysis  was  run  using  all  the  blade  properties  ob¬ 
tained  above.  These  calculated  torsional  frequencies  were 
compared  with  torsional  frequencies  obtained  as  part  of  the 
rotor  test,  by  tweaking  the  blade  manually  and  determining  the 
frequency  from  the  recorded  free-vibration  torsional  loads. 

The  results  of  this  comparison  are  shown  in  Figure  74. 

This  figure  shows  that  the  predicted  and  test  torsional  natural 
frequencies  agree  very  well  for  the  morganite  and  low- stiffness 
blades.  However,  the  measured  frequency  is  significantly 
larger  than  the  calculated  frequency  for  the  standard  reference 
blade.  Since  the  frequency  correlation  with  two  of  the  blades 
was  very  good  and  the  blade  physical  properties  were  all 
obtained  with  the  same  approach,  it  is  doubtful  that  there 
could  be  an  error  in  the  blade  properties  large  enough  to 
explain  the  large  frequency  discrepancy  of  the  standard 
reference  blade. 

Later  discussion  with  test  personnel  revealed  that  the  root 
torsional  spring  joints  were  filled  with  an  epoxy  prior  to 
the  wind  tunnel  test  to  minimize  assembly  slop.  The  standard 
reference  blade  was  run  first,  and,  before  the  rotor  was 
turned  on,  the  torsional  frequency  was  measured  with  the 
tweak  test.  During  the  standard  reference  blade  test,  it 
was  noticed  that  the  epoxy  was  broken;  hence,  the  torsional 
frequency  of  all  subsequent  blades  was  obtained  without  the 
epoxy  inoperative.  Therefore,  it  is  reasonable  to  assume 
that  the  standard  reference  blade  frequency  was  measured  high, 
since  the  epoxy  stiffened  the  spring.  After  discussing  the 
problem  with  the  test  personnel,  it  was  concluded  that  the 
epoxy  is  very  brittle  and  probably  broke  very  early  in  the 
test.  Since  the  standard  reference  blade  run  selected  for 
correlation  was  near  the  end  of  the  test  runs,  the  epoxy  was 
surely  broken;  and  the  measured  root  end  stiffness  of  1850 
inch-pounds/radian  is  the  proper  value  to  use  for  all  the 
blades. 
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First  Torsional  Natural  Frequency  -  w0  -  CPS 


Kz  X  10-3  -  in. -lb/rad 

Figure  74.  Comparison  of  Tweak  Test  and  Analytical  Blade 
Torsional  Natural  Frequencies. 
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APPENDIX  III 

DETAIL  PHYSICAL  PROPERTIES  OF  THE  CH-47C  ROTOR 


The  CH-47C  rotor  system  consists  of  three  30-foot-radius 
blades  mounted  on  an  articulated  rotor  hub  which  is  inclined 
9  degrees  into  the  wind. 

Each  blade  has  a  constant  chord  of  25.25  inches:  a  pitch  axis 
located  at  19.5  percent  chord  with  a  blade  cut  out  at  19.5  per¬ 
cent  span.  The  airfoil  section  is  a  cambered  Vertol  23010- 
1.58  with  a  -9.137  linear  twist  distribution. 

Table  II  presents  a  tabulation  of  blade  physical  properties 
versus  radial  position.  (Radial  position,  r/R,  is  expressed 
as  a  nondimensional  fraction  where  1.0  corresponds  to  the 
blade  tip  and  0  denotes  the  rotor  center.  (A  repeated  radial 
position  in  the  tabulation  denotes  a  step  in  the  value  of  the 
blade  property  at  that  point.)  The  tabulated  properties  in¬ 
clude  blade  weight;  chordwise  center-of-gravity  location; 
pitch  inertia;  and  flap,  lag,  and  torsional  stiffness.  Blade 
weight  and  pitch  inertia  are  presented  on  a  per-inch  basis. 

Figure  75  illustrates  the  root  end  geometry.  The  figure  shows 
that  the  blade  pitch  axis  is  offset  from  the  center  of  rota¬ 
tion  by  1.58  inches.  The  flap  and  lag  hinges  are  located  at 
the  0.022  r/R  and  0.082  r/R  radial  positions,  respectively; 
and  the  lag  damper  rate  is  70,000  inch-pound-seconds/radian. 

The  pitch  bearing  is  located  between  the  two  hinges.  The  line 
of  action  of  the  pitch  link  is  located  10.25  inches  from  the 
pitch  axis  on  the  leading-edge  side  of  the  blade  spar,  and  the 
pitch  link  has  a  nominal  stiffness  of  11,850  pounds/inch. 
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APPENDIX  IV 

EFFECT  ON  DYNAMIC  Cm  OVERSHOOT  ON  MODEL  ROTOR  CORRELATION 


During  the  model  rotor  correlation,  a  term  was  added  to  the 
unsteady  aerodynamic  equations  to  account  for  the  dynamic 
change  of  the  aerodynamic  center  of  pressure.  Correlation  of 
the  resulting  modified  analysis  with  the  model  data  provided 
excellent  agreement  with  the  standard  reference  blade  alter¬ 
nating  torsional  load.  The  correlation  was  so  good  that 
additional  theory/test  comparisons  were  made  with  the  low¬ 
stiffness  blade  and  the  morganite  blade. 

Figures  76,  77,  and  78  illustrate  the  variation  of  alternating 
torsional  moment  with  blade  loading  for  the  standard  reference, 
low  stiffness,  and  morganite  blades.  For  all  three  blades, 
the  theory/test  correlation  of  stall  inception  and  load  growth 
rate  is  good.  For  deep  stall,  the  standard  reference  blade 
load  agreement  is  good;  however,  the  low-stiffness  blade 
underpredicts  by  19  percent  and  the  morganite  blade  underpre¬ 
dicts  by  42  percent.  Therefore,  though  there  are  many  excel¬ 
lent  features  of  this  theory,  it  is  unable  to  properly  predict 
the  deep  stall  loads. 

Since  the  primary  objective  of  this  study  is  to  determine 
means  of  reducing  the  stall-induced  loads,  it  is  clear  that 
this  modified  analysis  cannot  be  used  for  the  study.  However, 
these  results  merit  development. 
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Figure  76.  Standard  Reference  Blade,  Run  306  CT/o  Versus 

Blade  Alternating  Torsion  C-60  Theory  With  Static 
CM  Dynamic  Overshoot  in  the  Unsteady  Aero  Equations. 
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Figure  78.  Morganite  Blade,  Run  323 

Op/a  Versus  Blade  Alternating  Torsion 
060  Theory  With  Static  Cm  Dynamic  Overshoot 
in  the  Unsteady  Aero  Equations. 


